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Abstract
Transposable elements (TEs) are DNA elements that move into different places in the DNA.
Through their activity, they can restructure genomes and play crucial roles in evolution, de-
velopment, and genetic disease. However, characterization of their detailed in vivo dynamics
has been limited by a lack of direct observational methods. Here, we present novel methods
that quantify biophysical characteristics of TEs in unprecedented detail.
For the first study, we modify the bacterial transposable element IS608 to quantify its ac-
tivity in single cells via fluorescence microscopy. The system can reveal single events, cell-
to-cell variations, and temporal and environmental variabilities in real time and individual
living cells. With this system, we characterize the relationship of the level of transposase
protein with TE activity for different orientations of the TE in the genome. We also perform
real-time activity detection and find that the activity is highly variable depending on the
growth phase, local environment, and growth history of host cells.
Secondly, we copy from the human genome a long interspersed nuclear element, LINE-1,
one of the most prevalent and active transposable elements in humans. We introduce LINE-1
into the bacteria Escherichia coli (E. coli) and Bacillus subtilis (B. subtilis) and demonstrate
that it is active in the bacteria and successfully integrates into the bacterial host genomes.
The LINE-1 activity decreases the bulk growth rate of bacteria exponentially in response
to its increasing expression. Our work suggests that E. coli can be a simple and useful
model system to investigate the biophysical properties of LINE-1 element dynamics and
their effects on host cells.
In the last chapter, we present the technical development of a novel method for versatile and
precise genome editing of E. coli, based on the Landing Pad intermediate method suited for
the integration of large size DNA fragments at arbitrary locations in E. coli chromosome
ii
[1, 2]. Various genome modifications were made to show the power of this method, which
include antibiotic-free selection methods, exact integration of long sequences (∼6.5kbp) to
any given target location, scar-less deletions, and gene fusion to native genes in situ.
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1.1 Discovery of Transposable Elements
Transposable elements (TEs) were first discovered in the 1940’s by Barbara McClintock
[3, 4]. It was discovered as a consequence of revealing the mechanism behind the pigment
pattern displayed on kernel of maize species (Fig. 1.1). Although people have been seeing
the patterns on maize kernels for a long time, the biological mechanism responsible for
this enticing phenomenon was not understood. Barbara McClintock statistically analyzed
the pigment patterns of Zea maize kernels and discovered that the pattern formation was
associated with the movement (termed ‘transposition’) of ‘control elements’ that altered
genes’ functions. The identified control elements were thought to be specific parts of the
DNA that was on the 9th chromosome of the Zea maize species. Genes called the C gene and
the Bz gene were being affected by these control element movements. Namely, transposition
of the element broke the C gene carrying arm of the chromosome and turned off the function
of the gene. At other times, the elements seemed to move into the Bz gene and switch the
gene off, or later move out of the gene and restore its function. These changes altered the
color of individual cells in a kernel and the collection of these cells created mosaic patterns
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Figure 1.1: The Zea maize kernel pigment patterns.
Examples of the Zea maize kernel pigment patterns reported by McClintock. [5]
of the kernel. Control elements were later termed the ‘transposable elements’ and they
acquired the nickname ‘jumping genes’.
Barbara McClintock’s work was ahead of its time, considering that our understanding of
genes and DNA was premature at that time. For instance, McClintock’s landmark paper
published in 1950 [3] was written less than a decade after scientists found a direct relation-
ship between a gene and a protein enzyme [6]. It was even before the famous Watson and
Crick paper (1953) elucidating the molecular structure of DNA [7]. Furthermore, the work
was the first demonstration of the concept of gene regulation, before lac operon [8] became
the iconic example of the concept in 1961.
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The discovery of transposable elements was met with great skepticism among scientists.
Even among those who accepted the evidence, transposition was thought to be a rare and
odd phenomenon [9]. Two decades later, TEs were additionally discovered in bacteria [10]
and viruses [11], but these discoveries were also met with skepticism. Today, however,
transposable elements’ ubiquity and abundance is well accepted and we know that they
make up a significant portion of eukaryotic genomes including the human genome. Indeed,
sequence analyses reveals that nearly half of the human genome is composed of transposable
elements and their remnants [12–14]. Presently, the importance of transposable elements is
greatly acknowledged, and McClintock was awarded the Nobel Prize in 1983.
1.2 Properties of Transposable Elements
Transposable elements, or ‘jumping genes’, can move or make copies of themselves in cells’
genomes and their activities result in mutations. In some cases, they directly affect genes
by inserting into the genes’ coding regions, or restoring their sequences by excising from
previous insertions (as seen in McClintock’s experiments). On the other hand, they can also
change gene expression indirectly. For example, they can change the expression of genes
at the transcriptional level by affecting the sequences involved in the recruitment of RNA
polymerase, such as the promoter sequence and its control regions [15]. At other times,
their copies can serve as a nucleation center for heterochromatin formation, silencing tran-
scription of the nearby genes [16]. Alternatively, TEs can affect the expression of genes at
the post-transcriptional level, for instance, by inserting into intron regions of the gene to
alter pre-mRNA splicing [17]. As a result, TEs drive genome evolution [18, 19], develop-
ment [20,21], and human genetic disease [22–29]. Furthermore, TEs’ properties are utilized
as tools in synthetic biology and bioengineering [30].
TEs are widespread and are found in all domains of life (bacteria, archaea, and eukaryotes).
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While there are different methods to classify TEs, one of the most fundamental classifica-
tions is based on whether it transposes by excision and reintegration of its encoding DNA,
or if instead it produces an RNA intermediate that gets reverse-transcribed into a DNA to
be inserted elsewhere. The former is called a DNA transposon or a class II transposable
element, while the latter is called a retrotransposon or a class I transposable element [31].
Bacterial TEs, in particular, are often subdivided into insertion sequences (ISs) and trans-
posons (Tns) [32]. Insertion sequences are the simplest transposable units in bacteria, and
are designated using names starting with ‘IS’ followed by a number, potentially with ad-
ditional indicators of the originating species. For example, the bacterial TE studied in this
thesis is named IS608 or ISHp608 where Hp indicates that the TE originates from He-
licobacter pylori. Transposons, compared to insertion sequences, are more complex and
longer. They often carry additional genes that are not related to the transposition machinery
such as antibiotic resistance genes. Examples of transposons’ names are Tn7, Tn10 and so
on.
Non-bacterial TE names display much more diversity. Some examples include Tc1/mariner
elements (widely distributed in rotifers, fungi, plants, fish and mammals), piggyBac (found
in Cabbage Looper moth, Trichoplusia ni), P elements (found in Drosophila), and L1 (found
in humans).
Many aspects of TE behavior remain areas of active research. For example, McClintock
speculated that transposable elements could be the genome’s response to rare or unpre-
dictable stress conditions. Indeed, many TEs seem to react to sudden changes in environ-
mental conditions [33–36]. As a result, transpositions can result in regulatory variation in
response to stress. Detailed characterization of such responses will greatly enhance our un-
derstanding of genome plasticity and the influence of environmental conditions on mutation
rates and eventually lead to an advanced knowledge of evolution, development, and disease.
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1.3 Motivation of the Research
Despite their ubiquity and importance, study of TEs currently lacks direct observational
methods. This lays great obstacles to our understanding of some of their most important
characteristics, namely, their base rates and spatial and temporal variabilities thereof. For
instance, the remnants of transposable element activity found in the genomes of different
species are the result of proliferation and evolution. The rates of TE propagation can be
inferred by analyzing phylogenetic data of such genomic sequences from related organ-
isms [37–43] or by endpoint analyses of their abundance within populations allowed to
evolve over laboratory time scales [18,44–46]. These data can be fit to models of transpos-
able element proliferation that are constructed to describe their distributions over evolution-
ary time scales to infer the rates of propagation [47]. However, most sequencing techniques
require bulk sampling of cells to provide genetic material, and sequencing is therefore gen-
erally an average over many cells. As a result, without extremely deep or single-cell se-
quencing techniques, most current methods can at best detect only those TE events that
have occurred in the germ line and thus appear in every somatic cell in the body [48].
Lab experiments can also be constructed that measure relative abundance of transposable
elements in populations that have undergone lab-driven evolutions. One such example mea-
sured the rate of yeast transposon activity that endowed the host cell with antibiotic resis-
tance [46]; see Chapter 2.1, Introduction for details. However, such experiments do not
have the capability to capture every event occurring nor do they have single cell or single
event resolution of detection. For example, events resulting in cell death will go extinct
from the population and remain undetected.
Furthermore, the inability to observe individual events places a great handicap in studying
variability and fluctuations in TE activity in both time and space. For example, in developing
brain of a fruit-fly, different neuronal cells undergo different types of transpositions [49].
Knowledge about the cell-to-cell variation of transposition activity is highly important in
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this case, since neural diversity can explain neurological disorders or behavioral diversity
of individuals. However, transposition events will be averaged out over time and across
cells under current methods. For another example, certain muscular dystrophy and ovarian
cancer are caused by transposition events. To understand the diseases, identifying individual
cells that showed transposition activity in specific parts of the tissue accompanying possible
environmental causes is crucial. However, this detailed level of knowledge remains elusive
due to current indirect methods. Given the status of field, the aim of the studies presented in
this thesis is to develop methods that allow direct observation of TE activity in real-time and
at the single-cell level. It will provide a new approach of studying transposable elements
and reveal their detailed biophysical properties.
For this purpose, time lapse fluorescence microscopy provides the ideal means to observe
real-time dynamics in individual cells. Utilizing cells engineered for the purpose of the
method, microscopy can track the fluorescence signals coming from individual live cells
so that they will show their inner dynamics through the fluorescence of reporter proteins.
Such fluorescent reporter proteins will be produced only under a specific change in the host
cell’s DNA, or they can be used to tag a particular protein of interest. At other times, they
can be used to mark the total area of cells for the purpose of automatic image analysis. To
optimize microscopy for bacterial cells, we employ highly inclined and laminated optical
sheet (HILO) method. The highly inclined laser angle avoids illuminating the volume above
the cells, thus reducing unnecessary background signals. Compared to conventional epi-
illumination, it is known to increase the signal-to-noise ratio by eightfold [50].
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Chapter 2
Single-cell and Real-time Activity
Detection of IS608
This chapter contains material from the published work by Kim, N. H., Lee, G., Sherer, N.
A., Martini, K. M., Goldenfeld, N., & Kuhlman, T. E.1, used with permission of the authors.
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strains (Baylor College of Medicine). This work was supported by National Science Founda-
tion Center for the Physics of Living Cells Grant PHY 1430124, Alfred P. Sloan Foundation
Grant FG-2015-65532, the Institute for Universal Biology, through partial support by the
National Aeronautics and Space Administration Astrobiology Institute under Cooperative
Agreement NNA13AA91A issued through the Science Mission Directorate, and National
Science Foundation Graduate Research Fellowship Program Grant DGE-1144245 (to G.L.).
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1Kim, N. H., Lee, G., Sherer, N. A., Martini, K. M., Goldenfeld, N., & Kuhlman, T. E. (2016). Real-
time transposable element activity in individual live cells. Proceedings of the National Academy of Sciences,
201601833
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2.1 Introduction
As discussed in Chapter 1 Introduction, surprisingly little is known about the behavior and
dynamics of TE activity in living cells due to the lack of direct observation methods.
One of the first attempts to investigate TE dynamics was made by Paquin and Williamson
[46] to study the effects of temperature on the rate of integration of Ty retrotransposons in
Saccharomyces cerevisiae after growth for 6 - 8 generations, resulting in yeast acquiring
resistance to the antibiotic antimycin A; they estimated a rate of transposition of 10−7 -
10−10 insertions into a particular region of the yeast genome per cell per generation. As
another example, sequencing of Escherichia coli (E. coli) at intervals in Lenski’s long-term
evolution experiments also provided a means to estimate transposition frequency, which they
estimate to be on the order of 10−6 per cell per hour [18]. However, such measurements yield
information on only the relative abundance of extant TE-affected cells in the population, and
dynamic rates must again be inferred through models of population growth that may or may
not be accurate.
The limitations described above mean that there is a dearth of information regarding TE be-
havior in individual cells in vivo and the effects of TE activity on those cells. Additionally,
estimation of transposition frequency from either phylogenetic comparisons or population
endpoint analyses both suffer from the same serious and fundamental limitation: they are
only able to detect those events that have not gone to extinction in the population, and there-
fore these methods almost certainly underestimate the actual rates of transposition. An anal-
ogous situation previously existed in the case of the dynamics of horizontal gene transfer:
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phylogenetically inferred rates of horizontal gene transfer are typically 1 per 100,000 years,
whereas direct visual observation in experiments [51] has shown that the actual transfer rate
is many orders of magnitude higher, about one per generation time.
To quantitatively study the dynamics of TE activity and its controlling factors in real time
and individual cells, I have constructed a TE system based on the bacterial TE IS608 in
E. coli. IS608 is a representative of the IS200/IS605 family of TEs, which was discovered
relatively recently [52]. The IS200/IS605 family is widely distributed, with 153 distinct
members spread over 45 genera and 61 species of eubacteria and archaea [53], and this IS
family is a special category of ISs specifically requiring a single strand DNA (ssDNA) for
both excision (jump-out) and insertion (jump-in) [54]. When the double stranded DNA (ds-
DNA) is unwound to two ssDNAs, only one of the strands is recognizable (denoted as the
‘top’ strand) and can be excised by a transposase dimer [44]. When it is excised, it accu-
rately cuts only the IS608 sequence, and the two ends of the ssDNA just outside of the IS
are rejoined precisely. IS608 carries the transposase gene, tnpA, which makes homo-dimer
transposases when expressed. It is flanked by two regions called the left end (LE) and the
right end (RE), which form hairpin structures when they are single stranded because they
are imperfect palindromic sequences (IPs). The transposase dimer recognizes and binds
to these structures. Additionally, the tetra-nucleotide sequence ‘TTAC’ just upstream of
the LE is required for cleavage. After the cleavage, the RE and LE are joined together in
a circular form, wrapped around the transposase, forming a synaptic complex called the
transpososome. Then IS608 can insert itself into another ssDNA target site, where TTAC
is strictly required for target site cleavage, that will be placed just upstream of the LE upon
insertion. Once inserted into the new location, it is again competent for subsequent trans-
positions. [52, 54–58].
I chose to study IS608 because it belongs to a special IS family that is relatively new, offer-
ing good opportunities for new findings involved in this transposable element. It is a sim-
ple system, carrying one of the smallest known transposases (155 amino acids [58]), and
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IS608’s molecular mechanisms have been studied most extensively within the IS200/IS605
family. It also allows us to use a specific real-time fluorescence reporting system that will
be described in the methods section, because the change of sequence it creates through ex-
cision is scar-less and predictable [57]. Moreover, there are good reasons to believe that its
activity may be affected by environmental factors, since its activity is coupled to the repli-
cation process [44]. I also chose to use E. coli as the host cell for studying IS608, because
of all the genetic tools and information available for this widely used bacterial system; see,
for example, Chapter 4, Advanced System for Precise Genome Modification in Escherichia
coli. Also, placing IS608, which is found in Helicobacter pylori into E. coli can potentially
resemble a situation where IS has entered into a new host species [59].
2.2 Results
2.2.1 The IS608 Activity Observation System
A diagram illustrating the IS608 system is shown in Fig. 2.1A. The IS608 is composed of the
transposase coding sequence, tnpA, flanked by a left end imperfect palindromic sequence
(LE IP) and right end imperfect palindromic sequence (RE IP), which are the recognition
and cleavage sites for TnpA. tnpA is expressed using the promoter PLTetO1, which is repressed
by tet repressor. PLTetO1 is derived from the E. coli transposable element Tn10 and is titrat-
able over a 100-fold range with anhydrotetracycline (aTc) [60]. The use of this inducible
promoter allows for simple and precise control of TnpA levels within individual cells. The
IS608 splits the -10 and -35 sequences of a strong constitutive PlacIQ1 promoter [61] for the
expression of the blue reporter mCerulean3 [62]. As shown in Fig. 2.1B, when transposase
production is induced, the IS608 can be excised, leading to reconstitution of the promoter.
The resulting cell expresses mCerulean3 and fluoresces blue, indicating that an excision
event has occurred. The N terminus of TnpA is translationally fused to the bright yellow
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reporter Venus [63], and the cells constitutively express the red reporter mCherry [64] to
aid in image segmentation. Measurements of blue, yellow, and red fluorescence of controls
demonstrate no cross-talk in our optical setup (Fig. 2.2). The TE is hosted in the low copy
number plasmid pJK14 with a pSC101 replication origin [65].
2.2.2 Verification of the IS608 Activity Observation System
We first confirmed that the TE excises upon induction of transposase production. PCR was
performed using primers that bind to the unique sequence formed upon excision, and cells
containing the TE and induced with aTc yielded product with amplicons of the expected
length (Fig. 2.1C). We next verified that transposase induction results in expected patterns
of fluorescence corresponding to IS608 excision. When the TE-carrying E. coli are grown
on agarose pads with aTc, the resulting microcolonies exhibit spatially distinct bright and
dark regions of blue fluorescence (Fig. 2.1E). This observation is expected from plasmids
expressing blue fluorescent proteins after some have undergone the TE excision, followed
by plasmid inheritance by daughter cells, and will be discussed in more detail below. Con-
versely, microcolonies arising from an identically treated wild-type negative control strain
carrying no plasmids and an uninduced TE-carrying strain are fluorescently dim and homo-
geneous (Fig. 2.1 D and F).
2.2.3 Quantification of Excision Response to Transposase Concentra-
tion
It is reasonable to expect TE excision probability to be a function of intracellular transposase
concentration. This straightforward expectation has proven difficult to experimentally char-
acterize, however, due to low-throughput sampling of transposase concentration provided by
population sequencing and other bulk techniques [66]. By comparing the intensity of yellow
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Figure 2.1: Design and validation of the IS608 system.
(A) The promoter for mCerulean3 is interrupted by the IS608, the ends of which are demarcated
by left end and right end imperfect palindromic sequences (LE IP and RE IP). The transposase
gene, tnpA (gray), is expressed from the promoter PLTetO1, which is inducible with aTc. The
sequences of the promoter/TE junction and -10 and -35 sequences (red boxes) are shown be-
low the diagram, and the sites cleaved by transposase are indicated by arrows. (B) Upon exci-
sion, the promoter for mCerulean3 is reconstituted and the cell fluoresces blue. The sequence
of the reconstituted promoter is shown below the diagram. A primer designed to bind to the
unique sequence formed after promoter reconstitution (blue arrow) was used to verify excision
by PCR, generating an 858-bp amplicon. (C) PCR amplification using these primers only gen-
erates the 858-bp product upon induction, thus verifying excision. (D–F) Colony morphology
after growth on agarose pads. Uninduced transposable-element-carrying cells (D) and wild-type
cells exposed to 20 ng/mL aTc (F) show homogeneous, low blue autofluorescence. Conversely,
transposable-element-carrying cells induced with 20 ng/mL aTc (E) show bright, inhomoge-
neous blue fluorescence. The brightness scale for all three images is identical. The borders of
the colonies are outlined in white.
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Figure 2.2: No cross-talk between fluorescent channels.
(a and b) Scatter-plots of blue vs. yellow fluorescence for controls expressing only (a)
mCerulean3 (N = 17,137 cells) and (b) titration of Venus-TnpA (N = 65,791 cells) with [aTc] ∈
[0, 100] ng/mL. (c and d) Scatter-plots of (c) red vs. yellow (N = 31,376 cells) and (d) red vs.
blue fluorescence (N = 21,125 cells) of a strain expressing only mCherry.
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fluorescence and blue fluorescence of single cells titrated over a wide range of transposase
inducer, we were able to determine the in vivo excision response function to transposase
concentration.
The IS608-carrying cells were grown in medium titrated with aTc concentrations ranging
from 0 to 1,000 ng/mL. We constructed two versions of the IS608, one with the top strand
of IS608 encoded in the leading strand (ISLEAD) and the other with the top strand encoded
in the lagging strand (ISLAG). After ∼12 - 13 doublings, each sample was imaged using
highly inclined and laminated optical sheet (HILO) laser illumination [67]. Fig. 2.3 shows
scatterplots of blue fluorescence vs. yellow fluorescence for individual cells carrying IS-
LAG (Fig. 2.3A) or ISLEAD (Fig. 2.3B). The response functions for ISLAG and ISLEAD
are qualitatively different, with the ISLAG construct’s excision response being higher at
low aTc concentrations and the ISLEAD construct’s excision response rising at higher aTc
concentrations. The transposase promoter’s nonlinear response to aTc (Fig. 2.4) results in
nonuniform count densities along the x axis. To determine if translational fusion of Venus
to TnpA affected transposase expression, a version of ISLAG without Venus fused to TnpA
(ISLAGMin) was also assayed (Fig. 2.5). The construct showed quantitatively identical be-
havior.
To estimate the absolute number of transposase molecules induced, the bleaching kinetics
of Venus-TnpA were analyzed based on a theoretical technique developed by Nayak and
Rutenberg [69], discussed in detail in Chapter 2.4 Materials and Methods. ISLAG cells
were grown as described above, and transposase expression was induced with 100 ng/mL
aTc. At OD600 = 1.0, cells were mounted on a slide and their bleaching kinetics recorded
via fluorescence microscopy. By recognizing fluctuations from the mean bleaching kinetics
of Venus-TnpA as binomial noise, the bleaching curves of individual cells can be analyzed
to estimate the constant of proportionality, ν, relating fluorescent intensity to the number of
fluorescent molecules. We find ν = 130 ± 10 from the analysis of 419 cells (Fig. 2.6 and
Chapter 2.4 Materials and Methods).
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Figure 2.3: IS608 excision response function.
Scatterplots of blue vs. yellow total cellular fluorescence divided by cell area for IS608 encoded
in the (A) lagging (Ncells = 192, 965) and (B) leading (Ncells = 101, 709) strand of the host
plasmid. Colors indicate number of counts in each bin of a 500 × 500 grid covering the data.
(C) The same data as in A and B with absolute axes. The y axis is expressed in terms of the
absolute number of excised plasmids, and the x axis is scaled to absolute number of transposase
molecules per cell. Light-red and -blue points are lagging and leading strand data from A and B,
respectively. Red and blue lines are excised plasmid number averaged according to transposase
molecules binned as integer quantities. Large red points indicate the number of excised plasmids
as measured by qPCR; error bars are the SEM of three experimental replicates. See also Fig. 2.5.
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Figure 2.4: Titration of transposase with aTc.
Venus-TnpA expression as a function of inducer concentration for pJK14-ISLAG (red points).
These points are fit to a Hill function (black line) to extract quantitative features of the response
f([aTc]) = A · [1 + ω( [aTc]K )
n/{1 + ( [aTc]K )
n}], where ω is the capacity or fold change of the re-
sponse,K is an effective dissociation constant, n is the Hill coefficient measuring the sensitivity
of the response, and A is an overall scaling factor [68]. We find ω = 127, K = 71.5 nM, and
n = 2.8. The scaling between Venus fluorescence (left y axis) and number of TnpA molecules
per cell (right y axis) is determined by analysis of fluctuations in Venus-TnpA bleaching kinet-
ics as binomial noise (see Chapter 2.4.6 Estimation of Absolute Venus-TnpA Concentration and
Fig. 2.6).
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Figure 2.5: Venus fusion to TnpA has no effect on transposase activity.
Mean blue vs. yellow fluorescence behavior of pJK14-ISLAG (black line) compared with that
of pJK14-ISLAGMin (red points; Ncells = 69,868), a version of the IS608 with no Venus tag on
the transposase. Because the pJK14-ISLAGMin strain shows no yellow fluorescence, the data
are plotted such that the abscissa of each red point corresponds to the value of the best-fit Hill
function from Fig. 2.4 at the corresponding aTc concentrations. SD of the ISLAG response is
shown as the gray shaded region, and SD of ISLAGMin points are red error bars; SEM is smaller
than the size of the symbols.
To determine how blue fluorescence intensity represents excision numbers, we measured
the mean blue fluorescence of a wild-type negative control carrying no plasmids, as well
as a control in which every plasmid expresses mCerulean. Their average intensities corre-
spond to the mean fluorescence of cells with no excisions and cells with all IS608s excised,
respectively (Fig. 2.3 A and B, excision 0 and MAX). From the excision response curve, one
can see a clear distinction in the blue fluorescence of cells with no excisions and those with
one IS608 excision (Fig. 2.3 A and B, line 1). And our simulation shows that blue fluores-
cence intensity is expected to be proportional to the number of excised plasmids (Fig. 2.7).
Therefore, by using quantitative PCR (qPCR) to determine the average plasmid copy num-
ber in each cell, the y axis can be scaled in terms of the average absolute number of excised
plasmids.
To further verify that fluorescence accurately represents IS608 excision number, qPCR mea-
surements of lagging strand IS608 excisions over a range of transposase inducer concentra-
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Figure 2.6: Estimation of absolute transposase numbers from Venus-TnpA bleaching ki-
netics.
(a) Individual bleaching curves are exponential. Bleaching curves of normalized Venus-TnpA
fluorescence vs. time in units of each curve’s fitted decay constant from 419 individual cells
(blue points) compared with exponential bleaching kinetics (black line). (inset) A representative
single cell bleaching trace over 10 s. We truncate the bleaching curve (e.g., at vertical dashed
line) when the fluorescence comes within 100 AU of the background (horizontal dashed line).
(b) Individual bleaching traces (blue points) with 100 ms exposure time compared with the mean
bleaching kinetics (black line). The mean decay constant is τ = 0.68± 0.01 s. Fluctuations from
the mean bleaching kinetics are binomial noise, and analysis of the variance allows estimation of
absolute Venus-TnpA numbers. (c) Mean normalized variance from 419 cells (black points) vs.
fraction of bleached molecules, (1 – p). The proportionality constant, ν, relating fluorescence
to number of molecules is related to the area under the best fit parabola [red line], yielding ν =
130± 10.
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Figure 2.7: Simulated blue fluorescence as a function of plasmid excision and cell growth.
(A) Time trace of IS608-excised plasmid number inside a single simulated cell (orange) and time
trace of blue fluorescence level of the same simulated cell (blue). Upon cell division, fluorescent
proteins and plasmid numbers are halved. (B) Total blue fluorescence per area (AU) vs. number
of excised plasmids at time of imaging, as a result of 10,000 iterations of the simulation. The plot
shows that the blue fluorescence per area is expected to be proportional to the number of excised
plasmids. Error bars are SDs of the simulated values resulting in respective excised plasmid
number.
19
Figure 2.8: IS608 activity does not affect absolute average plasmid copy number.
Average plasmid copy number per cell determined by quantitative PCR for uninduced and in-
duced pJK14-ISLAG plasmid (first and second columns) and the mCerulean3 only control plas-
mid (third column). Error bars are SEM of three experimental replicates for each sample. Over
all three samples, the average copy number per cell is 12.4± 3.3, in agreement with Lutz and
Bujard’s measurement of pSC101 copy number of 10 - 12 plasmids per cell [60].
tions were performed (Fig. 2.3C, red points) using primers that produce an amplicon only
when excised plasmid is present. At the highest transposase numbers we achieve, ∼50% of
the average total 11–12 plasmids per cell are excised (Fig. 2.8).
2.2.4 Observing Real-Time Kinetics
By growing IS608-carrying cells on agarose pads including aTc under the microscope, the
IS608 excision events can be detected in real time and their rates and statistics determined
through direct observation. We find that IS608 activity changes as cells undergo different
phases of growth, and that IS608 activity correlates to where cells are located within a
colony.
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2.2.5 Excision Rates Depend on Growth State of Cells
At high-inducer concentrations (>10 ng/mL aTc; Fig. 2.1E), a large fraction of cells im-
mediately experiences IS608 excision events and fluoresces blue. At low-inducer and trans-
posase concentrations (<10 ng/mL aTc), we can observe individual excision events as bright
flashes of blue fluorescence whose rate depends upon the growth state of the cells. As cells
initially adapt to the pad, some fraction rapidly fluoresce blue, indicating IS608 excision.
Once cells enter exponential growth, the frequency of cells becoming fluorescent drops
to nearly zero; the fluorescence patterns observed in mature microcolonies at low inducer
concentrations (Fig. 2.9A) arise primarily from inheritance of the initial excision events.
However, upon entering final growth arrest, some cells begin to emit bright blue fluores-
cence (Fig. 2.9 A–C accompanied by an increase in yellow fluorescence (Fig. 2.9D . Note in
Fig. 2.9D that the excision event (blue line) is preceded by a weak increase in transposase
levels (yellow fluorescence), indicating transposase-induced excision. Control strains, in-
cluding a wild-type TE-less strain exposed to aTc, TE-carrying cells not exposed to aTc,
and cells constitutively expressing mCerulean3, do not show similar bursts of fluorescence
.
2.2.6 Excision Event Rate is Constant Once Initiated
Automated identification of IS608 fluorescence events within each colony reveals that events
begin occurring with the onset of growth arrest and continue at a rate that remains approxi-
mately constant for>35 h (Fig. 2.9E). The average event rate for this experiment, consisting
of 12 colonies and∼5,000 cells, was 6.3±2.6×10−3 events per cell per hour. The temporal
statistics are consistent with events, once initiated upon growth arrest, occurring randomly
in time as described by Poisson statistics (Fig. 2.9F).
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Figure 2.9: Real-time IS608 kinetics.
Colony induced with 5 ng/mL aTc undergoing excision events at (A) t = 0 (time of first detected
events, after ∼10 h of growth), (B) t = 40 min, and (C) t = 60 min. New events are indicated
by white arrows. (D) mCerulean3 and Venus-TnpA traces for an average event. IS608 excision
events were aligned with peak mCerulean3 intensity at t = 0. Shown is the mean mCerulean3
(blue, left y axis) and Venus-TnpA (yellow, right y axis) fluorescence per cell area as a function of
time averaged over 773 events. (inset) Decay of mCerulean3 fluorescence as a function of time.
Red line is a fit to an exponential f(t) = A exp(−bt), with A = 589 and b = −0.006min−1,
consistent with photobleaching. (E) Raster plot of all events in a single experiment (red lines,
left y axis) with t = 0; Ncolonies = 12, Ncells = 4, 858, Nevents = 1, 114. The average rate was
6.3 ± 2.6 × 10−3 events per cell per hour. Red shaded region shows the average rates during
100-min intervals (right y axis). (F) Blue bars: frequency of the number of events per frame.
Red line: distribution of events per frame expected from a Poisson process with an average rate
of 6.3× 10−3 events per cell per hour. (G) Within each colony, we determine the event densities
within annuli of width 0.8 µm at various distances from the colony edge (Fig. 2.10). We then
took an ensemble average over all colonies, where the density in each colony is normalized by
the mean event density over the entire colony. Blue line: mean normalized density of events in
0.8-µm-wide annuli vs. the distance of the center of each annulus from the colony edge; shaded
blue region is the SD. Red line: mean normalized density obtained from simulations of randomly
spaced events; shaded red region is the SD. (H) Blue line: mean pair correlation function, g(r),
of events; shaded blue region is the SD. Red line: g(r) of randomly spaced events obtained from
simulations; shaded red region is the SD.
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Figure 2.10: Event density as a function of distance from colony edge.
Within each colony, we determine the number of events (green plus signs) lying within annuli of
width 0.8 µm at various distances from the colony edge. The density of events in colony i within
an annulus at radius r, ρi(r), is calculated as the number of events within that annulus, Ni(r),
divided by the area of the annulus,Ai(r), i.e., ρi(r) = Ni(r)/Ai(r). The data shown in Fig. 2.9G
is the ensemble average over all colonies, where the density in each colony is normalized by the
mean event density over the entire colony. In this image, the edges of each annulus are shown,
and the color indicates the distance from the edge of the colony as given by the color bar at right.
2.2.7 Excision Events are Spatially Correlated.
Events are not uniformly random in space and are instead spatially clustered and dependent
upon the location in the colony. Events are less common within ∼3 µm (∼5 cell widths) of
the colony edge compared with the center (Fig. 2.9G and Fig. 2.10). The mean pair radial
correlation, g(r), also shows that events are clustered together (Fig. 2.9H, blue line, and
Chapter 2.4 Materials and Methods).
We performed simulations of E. coli growth into microcolonies combined with random dis-
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tributions of TE events to determine the expected properties of g(r) arising from randomly
spaced TE events within an E. coli colony. Simulations were used to generate 200 differ-
ent microcolony morphologies, each starting from a single cell and ending upon reaching a
size representative of those we observe in our experiments (∼300 cells with a diameter of
∼15–16 µm). After growth arrest, 15% of the cells within each colony morphology were
chosen at random to undergo TE events, a rate representative of the average final number
of affected cells in each colony we observe experimentally. By comparing g(r) between
experiment and simulation, we find that the density of events in adjacent cells in our ex-
periment is∼1.4× greater than expected compared with the simulation of events randomly
distributed in space (Fig. 2.9H, red lineand Chapter 2.4 Materials and Methods).
2.2.8 Distribution of Rates is Consistent with Additional Control by a
Heritable Luria-Delbrück Process
The nonuniform event distributions in space suggest that local environmental differences
and/or a hereditary process are influencing TE activity. A distribution of event rates de-
termined from 984 colonies is shown in Fig. 2.11A, with a mean rate of 11.8 ± 12 × 10−3
events per cell per hour per colony. (This is compatible with overall number of events per
frame following a Poisson distribution; Fig. 2.9F and Chapter 2.4 Materials and Methods.)
To explain the distribution of colony event rates shown in Fig. 2.11A, we simulated a two-
step process [70, 71]. First, in a Luria–Delbrück process after cells are placed on the pad,
some stochastic heritable change can occur with constant probability during exponential
growth that predisposes cells to IS608 activity (Fig. 2.11B). In the simulation, 10,000 cell
colonies were simulated to grow until they reached colony sizes drawn from the colony size
distribution observed in the experiment. While in growth, a heritable change occurs in a
daughter cell after each division with probability ph. From the affected cell, the change is
inherited by all of its descendants. In growth arrest, any cell that has inherited the change
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Figure 2.11: Event rates are determined by a stochastic heritable change.
(A) Blue bars: distribution of average event rates for individual colonies with [aTc] = 5 ng/mL;
Ncolonies = 984. The mean rate of this distribution is 11.8± 12× 10−3 events per cell per hour
per colony. Red line: result of a two-step process simulated using the experimental distribution
of colony sizes. Green line: result of a Poisson process with the mean rate of the experimen-
tal distribution. (inset) Same data with logarithmic y axis. (B) Cartoon picture illustrating the
Luria–Delbrück process used in our simulation where some fraction of cells inherit a trait that
predisposes them to IS608 excision activity (red outline), and of those cells some fraction fluo-
resce blue, indicating IS608 excision activity (blue fill).
can then experience a IS608 excision with probability pe. A good fit of event densities was
found (Fig. 2.11A, red line) by searching through the two parameters with a goodness crite-
rion (Chapter 2.4 Materials and Methods). This analysis and the quality of the fit strongly
suggest that the average event rate in each colony is determined by some stochastic, heri-
table change occurring in the lineage - for example, expression bursts, or lack thereof, of
long-lived tet repressor protein.
2.3 Discussion
Our goal is to begin the quantitative understanding of how TEs fundamentally function and
behave in single live cells before understanding more complex systems. Placing the TE un-
der an inducible promoter allows us to precisely control and determine how TE excisions
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respond to transposase concentration. Examining the bleaching kinetics of Venus-TnpA al-
lows us to estimate absolute numbers of transposase proteins within individual cells, which
improves upon previous studies that could only infer mean TnpA levels from the applied in-
ducer concentrations. Though we use a synthetic tet promoter derived from an E. coli TE to
express TnpA instead of the natural tnpA promoter, the transposase levels in any wild-type
system will still sample from the same response function. That even this simple system
exhibits complex dynamic behavior illustrates the necessity of using real-time single-cell
measurements rather than population and time-averaged estimates of TE kinetics, a parallel
to the way in which real-time single-molecule measurements have revolutionized our under-
standing of the rich dynamics hidden by population-averaged ensemble measurements [72].
This quantification of genome plasticity in real time permits the development of a precise
narrative of the role of TE activity in evolution and even epidemiology.
The single-cell response curves shown in Fig. 2.3 are consistent with existing molecular
models of how TnpA binds to and excises the IS608 from the host DNA molecule [44]. The
response function displays qualitatively distinct behavior in the leading vs. lagging strand.
Because the lagging strand of DNA is discontinuously replicated, the lagging strand leaves
single-stranded DNA exposed while synthesis of Okazaki fragments is completed. Hence,
it is more energetically favorable for the folded imperfect palindromic sequences recognized
by TnpA to form in the lagging strand than the leading strand, where the energetically fa-
vored state is canonically base-paired double-stranded DNA [44]. Consequently, the IS608
in the lagging strand is extremely sensitive to TnpA, with the first excisions occurring in the
presence of only 1–2 TnpA dimers. Conversely, ∼10× higher TnpA numbers are required
to initiate excision from the leading strand.
Real-time imaging allows us to track how TE activity varies from one cell to another within
different colonies over time. We found that upon growth arrest, excision events are dis-
tributed non-uniformly within each colony. This non-uniformity can be described with a
Luria–Delbrück process, suggesting that some stochastic, heritable trait predisposes a frac-
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tion of cells to TE activity. Additionally, the relative lack of excision activities observed
near the edges of colonies may arise from local environmental variation, such as nutrient
availability, between the edge and center of a colony. Together, these results demonstrate
that the rate of TE excision is highly dynamic and depends upon the amount of transposase
in the cell, the TE’s orientation within the genome, the growth state and life history of the
host cell, and the cell’s local environment.
Though here we focus solely on excision, we note that because excision of a TE is required
before reintegration, it is likely that integrations and the mutations they generate will occur
with a rate that is dependent upon the excision rate measured here. Previous studies detect-
ing transposition in vivo using time-averaged population-level methods have estimated the
convolved transposition rates, i.e., the combined rates of both excision and integration, as
a result of experimental or conceptual limitations in separating the two processes. Mating-
out assays, for example, detect TE integration only into a conjugative plasmid which is
then transferred to a virgin recipient strain for detection [73]. These methods therefore only
measure the combined rate of excision, integration to the plasmid, and conjugation of the
plasmid merged together. From a mechanistic standpoint, excision and integration are two
separate processes that should be understood independently. It is necessary to know excision
rates independently of reintegration to understand how stable transposable elements are in
the genome. Furthermore, an excision itself is a mutation carrying biological significance.
Any genes carried by the TE will be lost, and if the TE has silenced a gene by interrupting
it, then excision may restore its function.
One of the primary results of this work is the observed heterogeneity of TE activity rates in
both space and time. In a sense, this is surprising; the design of the synthetic TE used here is
extremely simple, and yet it shows complex spatial and temporal dynamics. Furthermore,
since the fundamental experiments of Luria and Delbrück, the uniform randomness and
homogeneity of mutation rates is frequently taken as a starting point for descriptions and
models of mutation and evolution. However, as shown in Fig. 2.3, the activity of the IS608
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is a direct function of the intracellular numbers of TnpA protein. Because it is well known
that intracellular protein levels are strongly influenced by the cellular growth state [74], cell-
to-cell and temporal heterogeneity in intracellular TnpA amounts and the resulting IS608
activity levels should perhaps be anticipated. Similar arguments can readily be made about
any other mutational process that relies upon the activity of an expressed protein for its
generation or repair – for example, the repair of nascent point mutations by the proteinaceous
mismatch repair system [75].
It is difficult to draw direct and meaningful comparisons between our measurements of TE
excision rates and previous measurements. Previously measured transposition rates (i.e.,
excision followed by reintegration) are on the order of 10−6–10−10 transpositions per cell
per doubling [46], or transpositions per cell per hour [18], whereas the excision rates that
we measure are several orders of magnitude greater. A variety of hypotheses can be pro-
posed to reconcile these results. For example, it is possible that reintegration is extremely
inefficient and only successful for a small fraction of excisions. However, we have observed
that expression levels of Venus-TnpA in these and other longer time-scale measurements do
not decrease over time, which suggests this is not the case. It is also possible that previous
experiments underestimate TE activity rates as a result of insufficiently deep sampling, or
the deleterious physiological effects of the TE leading to extinction of affected cells within
the population. The reason for this discrepancy remains unclear and is a subject for future
work.
28
2.4 Materials and Methods
2.4.1 Strains and Media
Experiments were performed using E. coli K-12 MG1655 ∆lac [1,2,76,77] expressing the
red fluorescent protein mCherry [64] from a strong PlacIQ constitutive promoter integrated
into the nth chromosomal locus located near the replication terminus [1, 76]. Molecular
cloning and plasmid manipulations were performed using DH5α as a host strain.
Cells for measurement of the IS608 excision response function were grown in M63 mini-
mal medium [100 mM KH2PO4, 15 mM (NH4)2SO4, 1 mM MgSO4, 1.7 µM FeSO4, 0.5%
(wt/vol) thiamine, pH adjusted to 7.0 with KOH] with 0.5% (vol/vol) glycerol as carbon
source. Antibiotics were added to the medium as appropriate for plasmid maintenance, and
different concentrations of aTc (Sigma Aldrich) were added to induce transposase produc-
tion.
Cells for real-time measurement of IS608 activity were imaged on 2% (wt/vol) agarose pads
made with M63 minimal medium with 0.5% (vol/vol) glycerol as carbon source + 25 µg/mL
kanamycin and 5 ng/mL anhydrotetracycline (aTc).
2.4.2 Plasmid Construction
The low copy number plasmid pJK14 [65] was used to host the IS608 in all experiments.
pJK14 has a pSC101 replication origin and is replicated unidirectionally, i.e., there is a
well-defined leading and lagging strand. Plasmid copy number is tightly controlled through
the positive feedback of the plasmid-encoded protein RepA [78]. Additionally, pJK14 is
actively segregated to daughter cells through the pSC101 par system [79].
Plasmid pJK14-ISLEAD was designed using Vector NTI software (Life Technologies) and
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synthesized de novo by GENEWIZ Gene Synthesis Services (GENEWIZ, Inc.).
To generate pJK14-ISLAG, pJK14-ISLEAD was digested with I-SceI (New England Bio-
sciences), purified (QIAquick PCR Purification Kit; QIAGEN), religated, and transformed
into DH5α. Plasmids purified from eight resulting colonies were digested with PciI (NEB)
and run through a gel to verify that the IS608 had been successfully reoriented.
Plasmid pJK14-ISLEAD and pJK14-ISLAG were used to create versions of the IS608
in which the Venus [63] fusion is removed from TnpA, pJK14-TnMinLEAD and pJK14-
TnMinLAG. The PLTetO1-venus-tnpA fragment was removed from pJK14-ISLAG through
digestion with BamHI and NheI, gel purification, and dephosphorylation with Antarctic
phosphatase (NEB). Untagged tnpA from pJK14-ISLEAD was amplified using Phusion
Flash master mix (Life Technologies) and the primers BamHI-PLTetO1-tnpA F 5’-CGTAT
TATCCGGATCCGTGATAGAGATTGACATCCCTATCAGTGATAGAGATACTGA
GCACATCAGCAGGACGCACTGACCGAATTCATTAAAGAGGAGAAAATGAGTA
ACGCTGTTTTATACAAAA-3’ and tnpA-NheI R 5’-CACTTAAGACTCGAGTTATAG
AGCTTTTGTTTGTAGGTTA-3’.
The PCR product was digested with BamHI and NheI and ligated into the pJK14-ISLAG
backbone to generate pJK14-TnMinLEAD and pJK14-TnMinLAG. The resulting plasmids
were sequenced (ACGT, Inc.) to verify successful re-ligation.
To construct control plasmids expressing only Venus-TnpA (pJK14-venus-tnpA) and to con-
struct control plasmid expressing only mCerulean3 (pJK14-mCerulean3) [62], the entire
IS608 cassette was removed from pJK14-ISLEAD through digestion with I-SceI, dephos-
phorylation, and gel purification. The PLTetO1-venus-tnpA fragment was amplified from
pJK14-ISLEAD with Phusion Flash master mix and the primers I-SceI-PLTetO1-venus F 5
’-TTCCGACGTCTAGGGATAACAGGGTAATTTGACATCCCTATCAGTGATAGAG
A-3’ and tnpA-I-SceI R 5’-GCTTGCATGCTAGGGATAACAGGGTAATTTATAGAGC
TTTTGTTTGTAGGTTA-3’.
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The fragment containing mCerulean3 and its reconstituted promoter was amplified from
pJK14-ISLEAD using the primers I-SceI-PlacIQ1-mCerulean3 F 5’-TTCCGACGTCTAGG
GATAACAGGGTAATCATTTACGTTGACACCACCTGTAACGTATGGCATGATA
GCGCCCGGAAGAGAGTCAATTCAGGGTGGTGAATATGGTGAGCAAGGGCGG
GAGCTGT-3’ and mCerulean3-I-SceI R 5’-GCTTGCATGCTAGGGATAACAGGGTA
ATTTACTTGTACAGCTCGTCCATGCCG-3’.
Each amplified fragment was digested with I-SceI and ligated into the pJK14-ISLEAD back-
bone to generate pJK14-venus-tnpA and pJK14-mCerulean3, respectively. To control ex-
pression of Venus-TnpA, pJK14-tnpA was transformed into and assayed with strain CZ071,
the kind gift of Ido Golding, Baylor College of Medicine, Houston, which is a K-12 MG1655
strain that constitutively expresses tet repressor.
2.4.3 Microscopy and Image Analysis
To measure the IS608 excision response functions in Fig. 2.3, cells carrying the indicated
version of the TE were grown overnight in Lysogeny broth (LB). An appropriate volume
of the culture was added to M63 minimal medium + 0.5% (vol/vol) glycerol and 25 µg/mL
kanamycin to yield an initial OD600 = 0.0002. To these tubes, varying concentrations of aTc
were added to titrate cells with inducer. These tubes were grown at 37 °C with vigorous
shaking until OD600 ∼1.5. At this point, samples were taken from each tube for imaging.
Then 50-µL samples of culture were spread onto glass slides (Fisher Scientific Premium,
3 in × 1 in × 1 mm), covered with a no. 1.5 glass coverslip (VWR; 22 × 30 mm), and
lightly compressed to seat the cells flat on the coverslip. The slide was placed on a Nikon
Eclipse Ti-E fully automated inverted microscope with Perfect Focus System automated
focus correction. The sample was maintained at 37 °C in a temperature-controlled environ-
mental chamber. For each slide, 200 images in a 10 × 20 grid were taken using a Nikon
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CFI Apo TIRF 100× oil-immersion objective (N.A. 1.49) and captured using an Andor
iXon Ultra 897 EMCCD camera with 100 or 300 ms exposure. Each image contains in-
formation captured from three fluorescent channels: mCherry (red), Venus (yellow), and
mCerulean3 (blue), in that order. Fluorescent excitation was performed using HILO laser
illumination [67] with 561nm (mCherry excitation; cell area), 514 nm (Venus excitation,
Venus-TnpA levels), and 457 nm (mCerulean3 excitation, excision reporting) in that order.
The 561-nm excitation was provided by a 50-mW Sapphire laser (Coherent); both 514-nm
and 457-nm excitation were provided by a 40-mW Argon laser (CVI Melles Griot). Fil-
ter sets used were HQ560/55x ET645/75m (mCherry), ZET514/10x ET535/30m (Venus),
and Z457/10x ET485/30m (mCerulean3). The sensitivity obtained using these optics is
sufficient to detect single molecules of Venus-TnpA [76]. We observed no anomalous ag-
gregation of mCherry, Venus-TnpA, or mCerulean3 [67], and the maturation times of Venus
and mCerulean3 are both less than 10 min at 37 °C [63,80, 81].
On the other hand, for the time-lapse acquisition TE excision data used to produce Fig. 2.9
and 2.11, MG1655 ∆lac nth <PlacIQ-mCherry>cells carrying pJK14-ISLAG were grown
overnight in M63 + 0.5% (vol/vol) glycerol + 25 µg/mL kanamycin. The OD600 of this
culture was measured (SmartSpec), and an appropriate volume of the culture was added
to prewarmed M63 + 0.5% (vol/vol) glycerol + 25 µg/mL kanamycin to yield a calculated
initial OD600 = 0.0008. The cells were then grown at 37 °C in a water bath shaker with
vigorous shaking until OD600 = 0.05. 5 µL of this culture was then placed on an agarose
pad cast on a glass slide. The sample was covered with a no. 1.5 glass coverslip (VWR; 22×
30 mm) and allowed to stabilize its shape for 20 min at 37 °C in a Fisher Scientific Isotemp
incubator before being sealed with epoxy glue to prevent drying. Images consisting of 40
- 80 adjacent fields of view were taken every 20 min using the same imaging conditions as
described above.
Then the images were analyzed using a custom image segmentation algorithm implemented
in MATLAB. To correct for inhomogeneous illumination, images were first flattened by
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averaging the fluorescent intensity of each pixel over all 200 images for each slide; this
averaged image was fit to a surface in 3D space and used to normalize all pixels in the
image to the area of the image with the brightest illumination. Cell identification and image
segmentation were performed on the flattened images using the red channel, where all cells
are homogeneously fluorescent with high signal-to-background noise due to constitutive
mCherry expression. For each identified cell, we recorded the area (in pixels), length of
the major and minor axes of the cell (pixels), and the total fluorescence of the cell in each
channel [arbitrary units (AU)], calculated as the sum of fluorescent intensities of all pixels
that make up the cell.
2.4.4 Quantification of Plasmid Copy Number
The average copy number per cell of pJK14 was determined through qPCR, using a Bio-Rad
CFX96 Touch Real-Time PCR thermal cycler with SsoAdvanced Universal SYBR Green
Supermix (Bio-Rad) and the following primers: pJK14-qPCR F 5’-TGCTAGACCCTCTG
TAAATTCCGC-3’ and pJK14-qPCR R 5’-GGGTGCTACTTAAGCCTTTAGGGTT-3’.
These primers generate a 233-bp amplicon from pJK14 adjacent to the origin of replication.
Optimum amplification conditions were determined by amplifying eight concentrations of
a 10× dilution series of purified pJK14-ISLAG plasmid using two-step amplification with
a thermal gradient of 50–70 °C. Amplification was performed in a 96-well hard-shell low-
profile thin-wall skirted PCR plate (Bio-Rad). Optimum conditions were determined to be
as follows:
1. 98 °C 3min
2. 95 °C 10s
3. 60 °C 30s
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4. GOTO 2 39 times
5. 65 – 95 °C Melting curve
These conditions generate an amplicon with Tm = 81.0 °C and efficiency ε = 96.8% [defined
by N(n) = N0(1 + ε)n, where n is cycle number].
Average plasmid copy numbers per cell of uninduced pJK14-ISLAG, induced pJK14-ISLAG,
and the control plasmid pJK14-mCerulean3 were determined by qPCR with the above primers
and conditions. Overnight cultures of MG1655 ∆lac nth <PlacIQ-mCherr> pJK14-ISLAG
and MG1655 ∆lac pJK14-mCerulean3 grown in LB + 25 µg/mL kanamycin were diluted
5,000× into 20-mm glass test tubes with 5 mL M63 + 0.5% (vol/vol) glycerol + 25 µg/mL
kanamycin. Then, 100 ng/mL aTc was added to one tube of MG1655 ∆lac pJK14-ISLAG
to induce expression of transposase. These three tubes were grown with vigorous shaking
at 37 °C until OD600 ∼1.5 (SmartSpec), and several samples were taken. One sample was
used to generate eight concentrations of a 10× dilution series of cells for use in qPCR; at
the same time, 10 other samples were diluted 105× and spread onto 10 solid medium LB
agar + 25 µg/mL kanamycin plates. These plates were incubated overnight at 37 °C. The
number of colonies was counted the next day and averaged over 10 plates to determine the
number of bacteria added to the PCR reactions.
Quantitative PCR was performed on each dilution series of cells with reactions performed
in triplicate. In the same plate, a standard curve was generated in triplicate using purified
pJK14-ISLAG plasmid with molarity determined by measurement of absorbance at 260
nm in a NanoDrop 2000c spectrophotometer (Thermo Scientific). The average number of















where di is the dilution factor of the ith sample (di ∈ [100, 107]), m and b are the slope and
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y intercept of the standard curve respectively, Ct,i is the threshold cycle number of the ith
sample, and Ncells,i is the number of cells added to the reaction, determined through plating
as described above. The result is shown in Fig. 2.8, and error bars are the SEM.
2.4.5 Excision Verification and Quantification by PCR
The initial verification of IS608 excision shown in Fig. 2.1C was generated with the primers
Tn-junction F 5’-ACGTTACAGGTGGTGTC-3’ and Tn-pJK14 R 5’-CCAGAGGGCGC
CCCAGCTGGCAATT-3’.
The primer Tn-junction F binds to the unique junction formed when the IS608 is excised
from the plasmid. Together with primer Tn-pJK14 R, it generates an 858-bp amplicon only
when the excised plasmid is present. To generate Fig. 2.2C, MG1655 ∆lac pJK14-ISLAG
was grown at 37 °C with vigorous shaking in two 20-mm glass test tubes with 5 mL M63
+ 0.5% (vol/vol) glycerol + 25 µg/mL kanamycin. Then, 100 ng/mL aTc was added to
one tube to induce transposase expression. After overnight growth, cells from each tube
were diluted 100× and used as template in a colony PCR with primers Tn-junction F and
Tn-pJK14 R. The templates were amplified using Phusion Flash master mix in a Bio-Rad
S1000 thermal cycler with 70 ° C annealing temperature and 15-s extension time.
The primers used for qPCR quantification of excision were Tn-qPCR F 5’-GGTGGTGCA
GATGAACTTCA-3’ and Tn-junction R 5’-GACACCACCTGTAACGT-3’.
To determine optimal cycling conditions, 12 concentrations of a 10× dilution series were
made by diluting purified pJK14-mCerulean3 in purified, undiluted, and unexcised pJK14-
ISLAG plasmid, which simulates the mix of excised and unexcised plasmid one would ex-
pect in the experiment. Amplification was performed in a 96-well hard-shell low-profile
thin-wall skirted PCR plate with a thermal gradient of 50 - 70 °C using SsoAdvanced Uni-
versal SYBR Green Supermix. Optimal conditions were determined to be:
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1. 98 °C 3 min
2. 95 °C 10 s
3. 62.6 °C 30 s
4. GOTO 2 49 times
5. 65 - 95 °C Melting curve
These conditions generate a 215-bp amplicon from excised plasmid only with Tm = 89.5 °C
and efficiency ε = 97.8%.
Quantitative PCR was performed using these cycling conditions on cells grown as described
above (Quantification of Plasmid Copy Number) with tubes induced with 0, 5, 7, 10, 25,
50, and 100 ng/mL aTc. Because no detectable amplification was generated from the 0 aTc
sample, the amount of excised plasmid per cell shown in Fig. 2.4C is quantified relative to










where ε5 and εi are the efficiencies of amplification of the [aTc] = 5 ng/mL and [aTc] = i
dilution series, respectively, Ct,i are the threshold cycles determined for each sample, and
Ncells,i is the average number of cells added to the PCR as determined by plating and count-
ing colony forming units (cfu’s) from each sample as described in 2.4.4 Quantification of
Plasmid Copy Number. In practice, ε5 and εi are identical within error. Data shown in
Fig. 2.4C are the averages of at least three experimental replicates, with error bars indicat-
ing the SEM.
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2.4.6 Estimation of Absolute Venus-TnpA Concentration
Estimation of the absolute number of transposase molecules was performed according to the
method of Nayak and Rutenberg [69]. By recognizing fluctuations from the mean bleaching
kinetics of Venus-TnpA as binomial noise, the bleaching curves of individual cells can be
analyzed to determine the constant of proportionality, ν, relating fluorescent intensity to the
number of fluorescent molecules:
I = νN, (2.3)
where I is the fluorescent intensity of the cell andN is the number of Venus-TnpA molecules.
MG1655 ∆lac nth <PlacIQ-mCherry> pJK14-ISLAG cells were grown as described above
and transposase expression was induced with 100 ng/mL aTc. At OD600 = 1.0, cells were
mounted on a slide and 500 fields of view imaged. Cells were imaged with the same con-
ditions described in 2.4.3 Microscopy and Image Analysis; however, 100 images of 10-ms
exposure were taken in the yellow channel to record bleaching kinetics of each cell (Fig. 2.6).
The cells in each image were identified and segmented using a custom MATLAB algorithm.
In each image, only the bleaching kinetics of the cells in the region of the image with the
brightest illumination were analyzed. For each cell, the total Venus-TnpA fluorescent in-
tensity was calculated at each time point as the sum of intensities of all pixels that make
up the cell divided by the area of the cell. The fluorescent intensity as a function of time
normalized to the initial fluorescent intensity for each cell was then fit to an exponential




The mean decay constant calculated in this way from 419 cells was τ = 0.68± 0.01 s, and
is shown as the black line in Fig. 2.6 A and B. Next, the variance of the bleaching curve for
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each cell from the mean bleaching kinetics was calculated as
σ2i = (Ii(t)− 〈I(t)〉)2 = I0νp(t)[1− p(t)], (2.5)
where σ2i is the variance of the ith cell at each time point t, Ii(t) is the fluorescent intensity
of the ith cell at time t, 〈I(t)〉 is the fluorescent intensity of the mean bleaching curve at time
t, I0 is the initial fluorescence of the cell, and p(t) is the fraction of unbleached molecules
as a function of time. The variance as a function of the bleached fraction (1−p) is therefore
an inverse symmetric parabola centered at P = 0.5 (Fig. 2.6C). Integrating the equation with
respect to p generates an estimate of ν from each cell:
∫ 1
0














where Ii0 is the initial fluorescent intensity of the ith cell at t = 0. The constant of propor-
tionality between fluorescence and number of molecules is then determined as the ensemble
average of νi obtained from all cells,
ν = 〈νi〉, (2.8)
or, equivalently, as the area under the parabola best fit to the mean normalized variance in
Fig. 2.6C. We find ν = 130 ± 10 from 419 cells.
Compared with the doubling time in M63 minimal medium with glycerol as carbon source
(∼120 min), the maturation time of Venus is extremely rapid, ∼7 min [63, 80]. Correct-
ing the estimated TnpA concentration for maturation increases the estimated number of
molecules by only ∼5%; we therefore neglect this correction.
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2.4.7 Simulation of Blue Fluorescence as a Function of Plasmid Exci-
sion and Cell Growth
Because plasmid copy number can fluctuate over the lifetime of a single cell as a result of
replication, the relationship between number of excised plasmids and the total blue fluores-
cence of the cell is potentially complex. We therefore performed simple simulations of cell
growth and division to determine if the final mCerulean3 fluorescence level is proportional
to the average number of excised plasmids per cell (Fig. 2.7A). The simulation assumes that
the total cellular fluorescence is proportional to the number of mCerulean3 molecules inside
a cell; mCerulean3 is expressed at a constant rate per IS608-excised plasmid; and the num-
ber of mCerulean3 molecules is halved when a cell divides. The 2D-projected area of a cell
increases at a constant rate and is halved upon division. Also in the simulation, each plasmid
gets replicated only once at a uniformly random time point within a cell cycle [78,79], and
one of the two resulting plasmids has a probability to be excised if the template plasmid had
unexcised IS608. This excision probability is fixed over the lifetime of a single cell, but is
chosen randomly for each cell to result in a distribution of final excised plasmid numbers. A
cell keeps only one of the two resulting plasmids, and the other plasmid is passed on to the
other daughter cell. Total plasmid number fluctuates between 8 and 16, giving an average
copy number of 12. The final time point, which corresponds to the point of imaging, is a
uniformly random time point between the 12th and 13th cell division. A total of 10,000
cells were simulated in this manner. This simulation concludes that the mCerulean3 fluo-




To explain the data in Fig. 2.11A, we made a model of a two-step process. This model is
itself stochastic and we do not attempt to solve it exactly but instead simulate the distribu-
tion it produces and compare it to the experimental distribution in Fig. 2.11A. Before we
can model the excision process, it is necessary to consider the distribution of colony sizes
(cells per colony). We generate a new dataset of colony sizes by sampling with replacement
(bootstrapping) from the experimental colony size data. In the first step of the model, we
construct a family tree for each colony in the bootstrapped dataset. We assume each colony
starts from one individual that grows and divides until it reaches the final size of the colony,
and we assume that the growth rate is constant over time. Thus, the family tree for a colony
is the shallowest one possible. After each division, daughter cells have a heritable change
occur with probability ph. All descendants of a cell with this heritable change will also have
it, and two sister cells from the same mother do not affect each other. The model makes no
assumptions about the biophysical nature of this heritable change.
In the experiment, the blue flashes indicating IS608 excision occur after growth stops.
Therefore, in the second step of the model, after growth and division, any cells with the
heritable change have excisions occur with a probability pe.
To find the values of the parameters of the model that best explain the experiment, we sim-
ulated the model for parameter values in a small grid. The summary statistics of the SEM
and SE of the SD were used to compare the mean event densities and SD of event densities
between theory and data; the fit was considered good if the theory was within the SE of
both the mean and the SD, and acceptable if within 2× the SE for both. The results shown
as the red line in Fig. 2.11A are simulations of the model with ph = 0.045 per division and
pe = 0.65.
Notice that if ph = 1, the model collapses to the simplest model you might consider, which
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is that all events are independent of each other in space and time and obey a Poisson pro-
cess. The distribution of event rates is not that of a Poisson process for a fixed colony size,
however, because colony size varies. The distribution of event rates for a Poisson process
with a rate equal to the experimental rate is shown in Fig. 2.11A in green. This distribution
is transparently incorrect.
One can also consider the possibility that pe = 1, which would correspond to a regular
Luria-Delbrück process. Although visually this fit is less accurate than the two-step model,
it is not obviously incorrect. Consequently, we compare the two models using the Akaike
information criterion (AIC). We approximate the probability of the data given a model from
a histogram generated by the model using 20 bins of the same size over the range of values
generated. Note that because we are simulating the models, the histograms will vary slightly
from simulation to simulation. A total of 100,000 colonies were simulated to generate the
histograms. Comparing the two models’ fits, we find ∆AIC = −80, which corresponds to
a probability of the two step model being the correct choice over a purely Luria-Delbrück
process equal to ∼1 (within floating point error).
2.4.9 Pair Correlation Function g(r)
The pair correlation function, g(r), is a measure of the probability of finding an event (i.e.,
a blue fluorescent burst) at a distance r away from any other event. The event density at
a distance r from any given reference event can be calculated as ρ(r) = ρg(r), where ρ
= N/A is the average event number density in an entire colony of area A. For a random,
homogeneous distribution of ideal particles, such as an ideal gas, g(r) = 1. To calculate
g(r) for a colony, each event in the colony is taken in turn as a reference particle. For each





2πr · fr ·∆r
, (2.9)
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whereNr is the number of events between two rings a distance r and r+ ∆r away from the
reference particle. For the data presented in Fig. 2.9H, we take ∆r = 0.32µm. To correct for
edge effects, fr is the fraction of the ring area that intersects the colony. We then calculate
the colony pair correlation function g(r) as the ensemble average of gi(r),
g(r) = 〈gi(r)〉. (2.10)
2.4.10 Colony and g(r) Simulations
Deviations of g(r) from that of a random distribution of ideal particles can arise from mun-
dane physical sources. For example, g(r) for a random distribution of hard spheres in a
low-density gas shows a peak at short distances, very similar to that we observe in Fig. 2.9H
purely as a consequence of entropic volume exclusion effects. However, an explicit theo-
retical calculation of g(r) for unusually shaped particles, such as highly dense and polydis-
perse spherocylinders representing an E. coli colony, is extremely difficult. Consequently,
we performed simulations of E. coli growth into microcolonies combined with random dis-
tributions of TE events to determine the expected properties of g(r) arising from randomly
spaced TE events within an E. coli colony. Our simulations are a modified version of DiS-
CUS, an agent-based model by Goni-Moreno and coworkers [82, 83] to study horizontal
gene transfer in E. coli. DiSCUS models each cell individually as a spherocylinder. The
simulation is written in Python scripting language and uses the 2D physics engine pymunk
as a wrapper for the physics library chipmunk (Howling Moon Software), which handles the
semirigid body dynamics of the cells. The physics engine handles updating the forces and
positions of the individual cells that arise from the environment and interactions with other
cells. All of the cells are nonmotile but can be pushed around due to the growth of other
neighboring cells. For the results discussed here, DiSCUS has been modified to remove
horizontal gene transfer mechanisms and add transposable element events.
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During each time iteration, the program first checks each spherocylinder to see if it is larger
than a critical size. At the critical size, the spherocylinder divides into two smaller sphe-
rocylinders. After the cell division step the spherocylinders are elongated. If there is too
much pressure on an individual cell it will stop growing until the pressure is reduced. Fi-
nally, the physics engine resolves the forces on the cells and updates the spherocylinder
positions accordingly, following standard classical mechanics.
These simulations were used to generate 200 different microcolony morphologies, each
starting from a single cell and ending upon reaching a size representative of those we observe
in our experiments (∼300 cells with a diameter of ∼15 - 16 µm). After growth arrest, 15%
of the cells within each colony morphology were chosen at random to undergo TE events, a
rate representative of the average final number of affected cells in each colony we observe
experimentally. We calculated g(r) resulting from each such random distribution of events
within the 200 different colony morphologies, and repeated this process three times. Finally,
the mean g(r) expected from a completely random distribution of TE events was calculated
as the ensemble average of each such calculated g(r).
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Chapter 3
Quantification of Human LINE-1
Activity in Bacterial Cells
This chapter contains material in the prepared manuscript by Lee, G., Sherer, N.A., Kim, N.
H., Rajic, E., Kaur, D., Xue, Chi., Martini, K. M., Shih, H. Y., Goldenfeld, N., and Kuhlman
T. E. 1, used with permission of the authors.
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3.1 Introduction
One of the most important human TEs is the long interspersed nuclear element-1 (LINE-1 or
L1). It is a retrotransposon that uses a reverse-transcribed RNA intermediate to replicate into
new genomic loci. Currently, LINE-1 is the only known active autonomous human TE [84]
and makes up about 17% of the human genome [85]. Nearly 500,000 copies reside in the
human genome, while only 80 - 100 copies are thought to be complete and functional [86].
The other copies have lost their mobility through processes resulting in 5’ end truncation,
point mutations, deletions, inversions and other changes [87]. LINE-1 is strongly repressed
through mechanisms including methylation regulation [88–90] and histone alterations [91].
It is estimated that transposition happens once in every 108 - 140 human births in the germ
line [92, 93]. On the other hand, LINE-1 transposition is accountable for many human
mutations, according to a study, one in every 1,500 mutations [94].
It is interesting to note that while retrotransposable elements are vastly abundant in eukary-
otes, they are largely absent in bacteria and archaea. Presently, the evolutionary pressures
retroelements apply to their hosts, and the reason behind their scarcity in bacteria remain
unclear and the subject of speculation [95]. Especially, in light of the case of the pathogenic
bacteria Neisseria ghonorrhoeae receiving human LINE-1 as a result of a lateral trans-
fer [96], it is surprising that we see a dearth of retroelements in bacteria. In this study, we
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have constructed a bacterial version of LINE-1 to quantitatively assess the function and ef-
fects of autonomous retroelement expression in the bacteria Escherichia coli (E. coli) and
Bacillus subtilis (B. subtilis). We find that LINE-1 is functional in E. coli, successfully inte-
grating into its genome. Also, we demonstrate that LINE-1 expression is severely detrimen-
tal to growth of E. coli and B. subtilis, with every LINE-1 transcript resulting in reduction
of E. coli’s growth rate by ∼1 - 2% on average, and wildtype B. subtilis unable to tolerate
any LINE-1 expression in our experiments. Moreover, we find that retrotransposition effi-
ciency of LINE-1 and bacterial sensitivity to its activity is enhanced by capacity of the host
to perform nonhomologous end joining (NHEJ) repair of DNA double strand breaks.
3.2 Results
3.2.1 Description of Constructs
LINE-1 encodes two primary ORFs: ORF1, which encodes a protein (ORF1p) that binds to
LINE-1 RNA to reduce degradation [97], and ORF2, which encodes a protein (ORF2p) with
endonuclease and reverse transcriptase domains [98, 99]. Most human LINE-1 elements
include a ∼100 bp long DNA-encoded 3’ poly(A) tract that enhances retrotransposition
efficiency [100]. After transcription and translation, ORF1p and ORF2p bind in cis to their
encoding RNA. The resulting ribonucleoprotein particle can then bind to and cut a target
DNA molecule using the ORF2p endonuclease domain. The LINE-1 RNA 3’ end hybridizes
with the cut DNA, which ORF2p reverse transcriptase uses as a primer for target-primed
reverse transcription. This generates a new cDNA copy of LINE-1 in the genome, starting
from the 3’ end. Reverse transcription typically aborts prior to completion, and most LINE-
1 integrations result in 5’ end truncations [101]. LINE-1 contains multiple RNA splicing
signals such that retrotransposition and integration into native genes leads to exonization and
novel alternative splicing variants [102–104]. The function of a third ORF, ORF0 [105], and
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the mechanisms driving nuclear import/export, LINE-1 truncation, second strand target-site
DNA cleavage, and second strand cDNA synthesis remain poorly understood [106,107].
To construct a controllable, bacteria-expressible LINE-1 element, T.E.K. extracted his ge-
nomic DNA from a buccal swab by phenol chloroform extraction followed by ethanol pre-
cipitation [108]. From this human genomic DNA, we amplified by PCR a previously iden-
tified highly active L1H element (#4-35 [85]). We then modified this amplicon by a second
round of PCR using a primer that annealed to the 5’ end of the ORF1 gene and that added
a bacterial T7lac promoter [109] with a consensus Shine-Dalgarno ribosomal binding site
(RBS). The resulting bacteria-expressible LINE-1 element, dubbed TL1H, was then ligated
into the medium copy number plasmid pTKIP-neo [1, 81]. The strength of expression is
tunable by titration with isopropyl β-D-1-thiogalactopyranoside (IPTG).
TL1H exhibits characteristics that may limit activity in bacteria. First, its human codon bias
may limit expression efficiency in bacteria. Second, while we placed a strong RBS upstream
of ORF1, ORF2 has no bacterial RBS, and hence we expect that ORF2p expression from
TL1H is quite low. Finally, TL1H has no 3’ poly(A) tract (Fig. 3.1A, top). Based on these
concerns, we additionally synthesized a bacterial “optimized” LINE-1 (GENEWIZ), again
based on the sequence of LINE-1 #4-35 [85], which we dubbed EL1H. Coding sequences of
EL1H are codon-optimized for E. coli and include consensus RBS sequences for both ORF1
and ORF2, and EL1H includes the same 100 bp poly(A) tract as LINE-1 #4-35 (Fig. 3.1A,
bottom). EL1H is driven by the same T7lac promoter as TL1H and was cloned into the same
pTKIP vector for expression in E. coli. We additionally cloned EL1H into the B. subtilis
vector pHCMC05 under control of the IPTG-inducible hyper-spank promoter [110].
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Figure 3.1: Bacterial LINE-1 elements and qualitative effects on growth.
(A) Constructs used in this study. Top: TL1H has human codon bias (indicated by red), and
was modified for expression in E. coli by replacing the native promoter with a bacterial T7lac
promoter and a consensus Shine Dalgarno ribosomal binding site (RBS, purple box). Bottom:
EL1H is driven by T7lac and has consensus RBS for both ORF1 and ORF2. EL1H has a 100
bp 3’ poly(A) tract and has E. coli codon bias (indicated by black). (B) LINE-1 is detrimental to
E. coli growth. BL21(DE3) pTKIP-TL1H was inoculated into M63 glycerol medium including 0,
20 µM, 35 µM, and 100 µM IPTG. Image was taken after 24 hours. (C) Wildtype B. subtilis can-
not survive transformation with EL1H (first column), while NHEJ knockouts relieve sensitivity
(second column: ∆ykoU; third column ∆ykoV ; fourth column ∆ykoU ∆ykoV ). First row: neg-
ative control (TE buffer only); second row: positive control (pHCMC05-lacZYAX).; third row:
pHCMC05-EL1H. (D) E. coli BL21(DE3) cultures in RDM glucose grown for 20 hours. Left
- pTKIP, pUC57-NHEJ; middle – pTKIP-EL1H, pUC57; right – pTKIP-EL1H, pUC57-NHEJ.
All cultures contain no IPTG and 100 ng/ml aTc.
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3.2.2 Effects of LINE-1 on Growth
To assess the effects of LINE-1 expression on bacteria, we first transformed pTKIP-TL1H
or pTKIP-EL1H constructs into E. coli BL21(DE3), a strain that expresses T7 polymerase
from an IPTG-inducible lacUV5 promoter [111]. A decrease in E. coli growth in response
to increasing LINE-1 expression is immediately apparent in cultures titrated with IPTG
(Fig. 3.1B). To test the generality of these results, we next assessed the effects of LINE-
1 expression on B. subtilis. In contrast to E. coli, B. subtilis is a gram-positive bacterium
able to repair DNA double strand breaks through nonhomologous end joining (NHEJ) in
a manner similar to eukaryotes [112]. Hence, we hypothesized that B. subtilis would be
more resistant to LINE-1 and ORF2p expression than E. coli, which lacks capacity for
NHEJ repair. Instead, we find the opposite: B. subtilis cannot survive transformation with
pHCMC05-EL1H (Fig. 3.1C). Conversely, we obtain high yield transformation of EL1H
into strains with NHEJ repair enzymes Ku (ykoV ), LigD (ykoU), and both Ku and LigD
knocked out [113]. A Miller assay of expression level from the positive control plasmid
pHCMC05-lacZYAX expressing E. coli’s metabolic lac enzymes from the hyper-spank pro-
moter shows that expression is weak but leaky in B. subtilis (Fig. 3.2). We conclude that
wildtype B. subtilis is extremely sensitive to very low levels of L1H expression, and that
this growth defect is enhanced by NHEJ repair. To further corroborate the enhancement of
lethality of LINE-1 by NHEJ, we cloned and expressed the B. subtilis NHEJ enzymes in
E. coli under the control of the aTc inducible PLtetO1 promoter [60]. We find that even low
leakage expression of EL1H without addition of IPTG is lethal to E. coli with concomitant
expression of NHEJ enzymes (Fig. 3.1D).
To quantify the effect of LINE-1 expression on E. coli growth, we measured the growth rate
as a function of induction level by titration with IPTG and periodic measurement of optical
density in a plate reader maintained at 37°C with continuous shaking in a variety of growth
media (Fig. 3.3A). Even with no induction, leaky expression of LINE-1 significantly reduces
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Figure 3.2: Expression from the hyper-spank promoter of pHCMC05 in B. subtilis.
LacZ activity of uninduced (left) and induced (right) B. subtilis 168 transformed with
pHCMC05-lacZYAX was measured with a Miller assay [114]. Bars are the mean of six in-
dependent replicates and error bars are the standard deviation.
the growth rate relative to the parent strain carrying an empty plasmid, and complete growth
arrest of the cultures carrying both TL1H and EL1H occurs at IPTG concentrations of 35 –
50 µM.
We performed quantitative reverse transcription PCR (qRT-PCR, Fig. 3.5) of LINE-1 mRNA
extracted from bacteria grown at those IPTG concentrations where cultures survive, yield-
ing the response curves shown in Fig. 3.3B. The resulting dose-response as a function of
LINE-1 RNAs per cell is shown in Fig. 3.4A. The normalized growth rate decreases expo-
nentially with increasing numbers of LINE-1 RNAs, and growth conditions do not affect this
response. Solid lines in Fig. 3.4A correspond to fits to the exponential function exp(−bL),
where L is the average number of LINE-1 RNAs per cell and the fitting parameter b quan-
tifies sensitivity to LINE-1 expression. We find that, on average, each LINE-1 transcript
yields a decrease in E. coli’s growth rate of ∼1% (TL1H) or ∼2% (EL1H) in the absence
of NHEJ, and ≥ 60% with NHEJ.
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Figure 3.3: Response of E. coli to LINE-1 expression.
(A) Growth effects upon titration with IPTG for cells carrying TL1H (top) and EL1H (bottom).
BL21(DE3) carrying either LINE-1 were inoculated in RDM glucose (magenta), RDM glycerol
(blue), cAA glucose (green), M63 glucose (yellow), or M63 glycerol (red) containing 0, 10 µM,
20 µM, 35 µM, 50 µM, 75 µM, 100 µM, or 2 mM IPTG and grown in a plate reader maintained
at 37 °C for 24 hours, with OD600 measurement every 10 minutes. Solid lines and points indicate
the mean of three experimental replicates, shaded regions are standard deviations. BL21(DE3)
pTKIP-neo, without any LINE-1 element, was similarly quantified as a negative control. Note
that BL21(DE3) pTKIP-EL1H cannot survive in M63 glycerol. (B) RNA was extracted from
BL21(DE3) pTKIP-TL1H grown in RDM glucose (magenta), RDM glycerol (blue), M63 glu-
cose (yellow), cAA glucose (green), or M63 glycerol (red) with 0, 10, 20, 35, or 50 µM IPTG
and quantified through qRT-PCR (Fig. 3.5). Concentrations of IPTG higher than 50 µM were
nonviable in all media except M63 glycerol, where concentrations higher than 20-35 µM were
generally nonviable. The number of RNAs determined by qRT-PCR was divided by the number
of cells added to the reaction, determined by measurement of OD600 and plating performed at
the time of harvest. Shaded magenta region shows the standard error of the mean of 4 exper-
imental replicates for samples prepared in RDM glucose. The standard error of other samples
are similar, but not shown for clarity. The number of LINE-1 RNAs per cell obtained for each
growth and induction condition thus obtained were used as the x-axis in Fig. 3.4 of the main text.
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Figure 3.4: Normalized growth rate as a function of average number of LINE-1 RNAs per
cell.
(A) •: RDM glucose; : RDM glycerol; : cAA glucose; N: M63 glucose; H: M63 glycerol.
Blue points: TL1H; red points: EL1H. Each point corresponds to the mean of three growth
rate measurements and four qRT-PCR measurements; error bars: SEM. Solid lines: fits to the
exponential function exp(−bL), where L is the number of LINE-1 RNAs per cell on the x-axis.
Fits yield b = 0.0083 ± 0.0006 (TL1H), b = 0.019 ± 0.006 (EL1H), and b = 0.600 ±
0.031 (TL1H and EL1H + NHEJ). Fit errors are reported for the 95% CI (shaded region) Inset:
same, with log y-axis. (B) Simulation of the extended Moran model. Initially all cells contain
retrotransposons and have rate ∆ = 10−8/generation/cell to lose functionality. Non-transposon




Figure 3.5: Quantitative RT-PCR of TL1H RNA.
(A) Amplification curves of reverse transcribed serial 10x dilutions of in vitro transcribed
TL1H RNA as an absolute standard (black), along with reverse transcribed RNA extracted from
BL21(DE3) pTKIP-TL1H grown in M63 glucose medium with 0 (red), 10 µM (yellow), 20 µM
(green), and 50 µM (blue) IPTG. (B) Absolute quantification of TL1H RNA numbers. Black
circles are critical cycle numbers (Cq) of the in vitro standards from (A), colored crosses are Cqs
of BL21(DE3) pTKIP-TL1H RNA with the threshold at ∼200 AU. PCR efficiency was 90.5%.
(C) Melting curves and their unimodal derivatives (D) resulting from qRT-PCR, demonstrating
clean amplification of TL1H cDNA. Melting temp of the 500 bp amplicon was 84.5 °C.
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3.2.3 Modeling
The observed exponential decay in normalized growth rate can be explained by a simple
model where we consider the effect that LINE-1 integrations will have on E. coli by dis-
rupting essential chromosomal genes and thus cell function. In the simplest model of this
kind, we consider that there are two sub-populations of cells: those that grow normally,
and those with LINE-1 integrations disrupting all growth. In this binary model, there are
L LINE-1 transcripts, each with a probability w of integrating and disrupting growth, the
probability q of a cell having no integrations affecting growth during a cell cycle is given










In our growth experiments, cells are growing in exponential phase where cells are contin-
uously dividing. An individual cell, in the absence of integrations, will produce g0dt new
individuals in a time interval dt. This leads to a simple model of exponential growth of the
form dx
dt
= g0x. If we consider a binary model with a population x of normal cells and a
population y of cells with no growth due to integrations, an individual of xwill still produce







= (1− q)g0x (3.2)
The total population of cells in this model grows as x0 + y0 + x0q [exp(qg0t) − 1)]. Thus
the growth rate measured in a plate reader would be qg0 and the normalized growth rate is
just q. We fit eq. (3.1) to the form exp[−bL] and make the identification b = − ln[1 − w],
which means b ≈ w for w  1. That is, b is approximately equal to the probability of
an LINE-1 transcript integrating and disrupting growth. In summary, this simple binary
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model recapitulates the way in which the growth rate depends on the number of LINE-1
transcripts, which itself is controlled by IPTG.
More complex models of the impact of retrotransposon integration can be developed, with
more than two sub-populations and more nuanced assumptions about the effects of integra-
tion. But we find that the dynamics of these models reduce to that of the two rate model
presented above, with renormalized parameters. An example of one such model is as fol-
lows. Let the population of cells with no chromosomal integrations harming their growth be
P0, the population of cells with one integrant be P1, and so forth. Then a set of differential
equations describing the population dynamics in exponential growth with growth rate g0 is
dPn
dt
= gof(n)(1− µ)Pn + g0f(n− 1)µPn−1, (3.3)
where f(n) is a monotonically decreasing function describing the inhibition of cell growth
due to gene disruption by LINE-1 integrations, µ is the mutation rate (acquiring one addi-
tional LINE-1 insertion), and the index n runs from 0 to some integer N where the number
of LINE-1 integrants is so high the cell cannot function and dies. Making the substitution
(1− µ) = q,
dPn
dt
= gof(n)qPn + g0f(n− 1)(1− q)Pn−1. (3.4)
This is a lower triangular system of equations whose eigenvalues are the diagonals. After
many generations, the largest eigenvalue will dominate and correspond approximately to
the measured growth rate. Since f(n) is a monotonically decreasing function, this means
the growth rate is g0f(0)q. f(0) = 1 and thus the growth rate is qg0 and the normalized
growth rate is q. This is the same result as the binary model discussed above.
We next calculated the extinction time for cells containing retrotransposons to determine if
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the timescale for extinction was short enough to explain the limited number of retrotrans-
posable elements and types found in bacteria. We calculated the extinction time for cells
containing retrotransposons using the fitness cost we measured in experiment. We modeled
two distinct possibilities. In the first possibility, we modeled how long it would take for a
single cell without a retrotransposon to become fixed in a population of cells that initially
have retrotransposons. This would correspond to a situation where there is a direct com-
petition between cells. The second situation we modeled was how long it would take the
retrotransposon to go extinct if we started with a population of cells all containing retro-
transposons. In this situation we model how long it takes for a random mutation to knock
out the function of the retrotransposon and then become fixed in the population. For the
first situation, we used a Moran model [116] with a populationA of retrotransposons which
grow with rate qg0 and a populationB of cells without the retrotransposon which grow with
a rate g0. Where q is the normalized growth rate measured in our experiments. The Moran
model requires that the population size,N , remain fixed. To meet this requirement for every







This set of reactions is typically written with qg0 = 1 to measure everything in terms of
generations of the first species, additionally the second reaction rate is usually written as
1 + s where s is fitness advantage population B has over A. We follow this convention and






From this set of reactions we can write down the corresponding master equation for proba-
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bility, P (x1, x2), of having number density x1 of A and number density x2 of B. We write





, x2 − 1N
∣∣x1, x2) = x1x2 and T2 (x1 − 1N , x2 + 1N ∣∣x1, x2) =
(1 + s)x1x2. We define the operators ε+ and ε− so that ε+f(x) = f(x + 1/N) and


















We can now perform a Kramers-Moyal system size expansion in 1/N and truncate the ex-
pansion after second order [117–119]. Notice that the operators as defined above the follow
















f(x). This will produce























If we make the change of variables p = x2 and c = x1 + x2 we obtain an equation only











(2 + s)(1− p)p
]
P (p, t). (3.9)
From this Forward Fokker-Planck equation we see that the mean rate of change in frequency
of B per generation is M = s(p − 1)p and the variance is V = (2 + s)(1 − p)p/N . Note
that this result for the variance is different from the formula V = (1 − p)p/2N quoted by
Kimura and Ohta to find mean fixation time in genic selection [120]. (Our variance includes
a dependence on the selection coefficient s and describes a haploid population as opposed
to the diploid population Kimura and Ohta modeled.) Using our results for the mean and
variance, we can use Kimura and Ohta’s general solution [120] for the mean fixation time
and probability of fixation of population B.
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We are interested in the fixation time when only one individual initially has no retrotranspo-
son, i.e., p = 1/N . We can numerically evaluate the above expression to obtain the fixation
time tf (1/N).
We can also derive the scaling behavior tf (1/N) withN . SinceN is usually large, tf (1/N)



























































So t1(0) = 1s[1−exp−( 2sN2+s )]
(I1 + I2 + I3). For small θ, the factor 1−e
−a(1−x)
1−x in the integrand
of I1(a, θ) can be approximated as 1− e−a, so that





dx ≡ (1− e−a)h1(a, θ). (3.18)



















(1 − e−aθ). At large N , a = 2sN
2+s
is also large and the leading term in ∂ah1(a, θ) is 1a .
Therefore h1(a, θ) ≈ ln(a), and we further have I1(a, θ) ≈ ln(a).
Observe that I3(a, θ) = I1(a, θ), and that I2(a, θ) does not contribute to the asymptotic

















where C stands for higher order terms. The fixation time scales as 2 ln(N)/s up to a higher
order difference.
We ran a stochastic simulation of the Moran model as defined above using Gillespie’s al-
gorithm [121]. We found the results of the simulation were in excellent agreement with
the analytic approximation for fixation time. We ran simulations to see how the fixation
time depended on number cells and on number of mRNA. For our system, we have s =
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Figure 3.6: Mean time for a single non-transposon cell to be fixed in a population (999
cells) of transposon cells Vs. the number of LINE-1 mRNA in the transposon cells.
The cell without the retrotransposon have selective advantage s = exp (0.019L)−1 for the E. coli
optimized retrotransposons and s = exp (0.0083L)− 1 for human retrotransposons where L is
number of mRNA. Red dots correspond to Gillespie simulations of how long it takes the E. coli
optimized retrotransposon to go extinct and the red line is the corresponding theory. Blue dots
correspond to Gillespie simulation of how long it takes the human LINE-1 to go extinct E. coli.
exp (0.019L)−1 for the E. coli optimized retrotransposon EL1H and s = exp (0.083L)−1
for the human-derived retrotransposon TL1H, where L is number of mRNA. Fig. 3.6 shows
how the fixation time scales with mRNA at fixed population size of 1000. Fig. 3.7 shows
how the fixation time scales with population size at fixed number of mRNA. We assumed
that 10 mRNA was present on average each cell, which corresponds to what we expect if
the cells are not being induced with IPTG and is the amount produced by our leaky promo-
tor. The fixation amount does indeed scale as ln(N) and 1/s, agreeing with the theoretical
asymptotic behavior.
To model the fixation time starting with a population of all retrotransposons, we modify our
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Figure 3.7: Mean time for a single non-transposon cell to be fixed in a transposon cell
population (N-1 cells) having 10 LINE-1 mRNA per cell Vs. the size of the population (N).
Simulations and theory are calculated for cells with 10 mRNA corresponding to a selective ad-
vantage s = 0.21 of the nontransposon over the E. coli optimized retrotransposons and s = 0.087
over the human LINE-1 in E. coli. Red dots correspond to Gillespie simulations of E. coli op-
timized retrotransposons and blue dots human LINE-1 in E. coli. Solid lines correspond to the
analytic theory.








We have added the reactionA ∆−→ B to model a random mutation knocking out the function
of the retrotransposon. From the literature, we use a conservative estimate of ∆ = 10−8
/generation/cell [122]. As before, we can find the mean and variance of the rate of change
in frequency of B per generation by using a system size expansion of the master equation.
We find M = s(1− x)x + ∆(1− x) and V = [(2 + s)(1− x)x + ∆(1− x)]/N . We can
again use the formal solution provided by Ohta and Kimura [120] to find the fixation time.
To get a better sense of how the solution should scale with N we can assume that there is a
separation in time scales between the time needed to wait for a random mutation to knockout
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the function the retrotransposon and the time it takes for that mutation to be fixed in the
population. Define T as the average time it takes to get one cell that has the retrotransposon
knocked out. Then the population will have the same dynamics as the Moran model and






1−exp [−2sN/(2+s)] and in a time much
shorter than T . If the cell doesn’t go to fixation we will need to wait on average another
period of T and again have a probability pf of fixation. We can thus write down an infinite
series for the average time to fixation as follows:
〈tf〉 = pfT+pf (1−pf )2T+pf (1−pf )23T+· · · =
∞∑
n=0




We can make the further assumption that the average time it takes one cell in a population
of sizeN to have the retrotransposon knocked out should scale as T = 1/(N∆) +D where
D is the average time it takes to go extinct and 1/(N∆) is the average time it takes to
have at least one cell knock out the retrotransposon. We can see from Fig. 3.4B that when
N ≈ 1/∆ = 108 this approximation works very well. So the average fixation time scales
as [1/(∆N) +D]/pf .
When the population size is on the same order as 1/∆ or larger, then the timescale T is of
order unity or smaller. This means that there is no longer a separation in timescales between
the time needed to wait for a mutation to knock out the function of a retrotransposon and
the time it takes for that mutation to go to fixation. In this case we can arrive at an upper
bound for the fixation time by using our estimate for the Moran model without the mutation
and starting with a population fraction of 1/N of cells with the retrotransposons knocked
out. The additional reaction of mutation strictly makes the fixation time faster and the time
scale for the first cell with its retrotransposon knocked out for this initial condition is order
unity or smaller. Thus for larger population size the upper bound for fixation time scales as
2 ln(N)/s.
Using the conservative estimate for ∆ = 10−8 and assuming a population size of 10 mil-
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lion bacteria, a population size comparable to the number of bacteria found in the stomach,





= 58 generations for the extinction of all bacteria containing retrotransposons
with fitness costs similar to EL1H. Similarly using a larger values of ∆ will relax the pop-
ulation size needed for short extinction time scales. If we consider larger population sizes
such as the 1014 bacteria found in the colon [123], we can use our scaling argument for the






ations till extinction for bacteria containing retrotransposons with a similar fitness cost to
EL1H. A calculation for bacteria containing retrotransposons with fitness costs similar to
TL1H gives 745 generations till extinction. Most likely the extinction time would be even
faster as subpopulations would form in a spatial environment leading to lower effective pop-
ulation sizes. Even if the populations are much larger the extinction time would be short on
evolutionary time scales since at worst the extinction time for bacteria containing retrotrans-
posons scales as the logarithm of the population size. These results show that the timescale
for the extinction of retrotransposons in bacteria, with fitness costs close to those measured
in experiment, is short enough on evolutionary timescales to explain the limited presence
of retrotransposable elements found in bacteria.
3.2.4 LINE-1 Successfully Integrates into E. coli’s Chromosome
We next addressed the question of how LINE-1 is functioning in E. coli and the molecular
mechanisms causing the observed growth defects. Since ORF2p contains an endonuclease
domain, expression of ORF2p alone may damage genomic DNA and halt growth without
being accompanied by any successful LINE-1 RNA integration. However, we find multiple
lines of evidence indicating that both TL1H and EL1H are successfully integrating into
E. coli’s chromosome.
First, we grew cultures expressing either EL1H or TL1H in RDM medium + 0.5% glucose
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and 30 µM IPTG in a shaking water bath at 37°C for ∼48 hours. Surviving bacteria were
collected and transformed with the plasmid pTKRED, which expresses the homing endonu-
clease I-SceI upon induction with L-arabinose [1, 2, 81], resulting in in vivo digestion and
curing of the pTKIP plasmid carrying LINE-1. After screening of the resulting cultures for
appropriate antibiotic resistances indicating loss of pTKIP, we performed colony PCR to
verify loss of the pTKIP plasmid backbone and to attempt to amplify components of LINE-
1 from genomic DNA. An example obtained from cultures exposed to EL1H is shown in
Fig. 3.8A. Post-curing strains generate no product corresponding to presence of the pTKIP
plasmid, yet we were able to amplify EL1H from non-clonal samples. We subsequently
isolated single, clonal colonies of EL1H-exposed E. coli and attempted to amplify a 500 bp
segment containing the 5’ end of ORF1 by colony PCR. We detected a positive signal in 3
out of 80 colonies screened (Fig. 3.9).
As an additional phenotypic test for successful retrotransposition, we modified EL1H by
inserting a cassette between the 3’ end of ORF2 and the poly(A) tract for detecting integra-
tion in individual live cells by fluorescence (Fig. 3.8B) [124–126]. This cassette consists
of a gene encoding mTFP1 [127], a bright teal fluorescent protein, driven by a consensus
E. coli σ70 promoter and RBS. This cassette is encoded in the opposite orientation as ORF1
and ORF2, such that transcription of EL1H does not result in expression of mTFP1. Fur-
thermore, the -10 and -35 sequences of the mTFP1 promoter are split by the group I intron
td∆1-3 [128], preventing transcription of mTFP1 from the σ70 promoter in the original
construct. Upon transcription of EL1H, the td∆1-3 intron RNA catalyzes its own excision,
reconstituting the mTFP1 promoter in the EL1H RNA. Finally, if this part of EL1H RNA
is successfully reverse transcribed and integrated into the genome, the chromosome will
contain a copy of mTFP1 with an intact promoter capable of expressing fluorescent pro-
tein, and individual cells undergoing successful EL1H retrotransposition can be detected
by fluorescence microscopy.
We transformed this construct, dubbed EL1HID (EL1H Integration Detection), into BL21
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Figure 3.8: LINE-1 integrates into the E. coli genome.
(A) Non-clonal colony PCR to detect EL1H (LINE-1 lanes) and pTKIP (Plasmid lanes). Left:
BL21(DE3) negative control. Middle: BL21(DE3) pTKIP-EL1H positive control. Right: Strain
post EL1H exposure and plasmid curing. (B) EL1HID, a construct for detecting successful retro-
transposition of EL1H in individual cells by fluorescence. The integration detection cassette
(ID) consists of mTFP1 with consensus E. coli σ70 promoter and RBS. -10 and -35 core pro-
moter sequences are split by the group I intron td∆1-3 (sequences are shown below). Upon
successful retrotransposition the cell fluoresces blue. (C) Induced BL21(DE3) pTKIP-EL1HID
are visibly fluorescent with UV illumination. (D-F) Phase contrast (top) and fluorescence mi-
croscopy (bottom) of induced (20 µM IPTG) (D) BL21(DE3) pTKIP-neo as a negative con-
trol, (E) BL21(DE3) pTKIP-EL1H, and (F) BL21(DE3) pTKIP-EL1HID, and (G) BL21(DE3)
pTKIP-EL1HID pUC57-NHEJ (0 IPTG, 5 ng/ml aTc).
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Figure 3.9: Detection of full-length EL1H genomic integrants.
Representative 2% agarose gel electrophoresis of colony PCR of eight isolated colonies of
BL21(DE3) that had been exposed to EL1H and cured of pTKIP-EL1H using primers that an-
neal to the 5’ end of EL1H and produce a 500 bp amplicon. BL21(DE3) was used as a negative
control, and BL21(DE3) pTKIP-EL1H as a positive control. The large fluorescent smear near
the positive control band was a result of excess ethidium bromide staining. Since EL1H RNA
is reverse transcribed and integrated starting from the 3’ end, presence of the 5’ end indicates
complete integration. Out of 80 colonies tested, we found 3 colonies yielding this 500 bp product
indicating complete integration of EL1H.
(DE3) and grew cultures in RDM + 0.5% w/v glucose, with and without induction of EL1H
expression with 35 µM IPTG, for ∼24 hours in a 37°C shaking water bath. When illumi-
nated with UV light, induced cultures are visibly more fluorescent than uninduced cultures
by eye (Fig. 3.8C). We have previously observed that dead E. coli cells produce stronger aut-
ofluorescence than live cells, raising the possibility that this fluorescence is due to a higher
proportion of dead cells. However, fluorescence microscopy shows that induced cultures
carrying EL1HID contain a subpopulation of cells (-NHEJ: ∼1%; +NHEJ: ∼80%) whose
total fluorescence is > 10× brighter than any cells in any of the control strains.
3.3 Discussion
We find that weak expression of the autonomous human retroelement LINE-1 is lethal to
wildtype B. subtilis and yields a strong growth defect in E. coli, and that this growth defect
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is correlated with successful retrotransposition. Moreover, we find that the lethality and
integration efficiency of LINE-1 is enhanced by NHEJ double strand break repair [129].
Together, these results suggest that it is successful retrotransposition of LINE-1 into the
bacterial genome yielding the observed growth defects, with NHEJ-deficient E. coli there-
fore able to tolerate higher expression as a result of low-efficiency integration.
If proven to be general to other retroelements, observation of growth defects resulting from
LINE-1 expression in two disparately related bacterial species, evolutionarily separated by
at least 1.2×109 years [130], suggests a simple mechanism driving the unusual phylogenetic
segregation of proliferative retroelements primarily to eukaryotes. Without mechanisms to
remedy the genetic damage that results from retroelement activity, even low levels of expres-
sion are severely detrimental to the growth and survival of retroelement-carrying bacteria.
This effect will be exacerbated as retroelements proliferate and expression increases, pro-
viding a natural mechanism suppressing copy numbers in those bacterial species where they
do exist and can be mildly tolerated [131].
That LINE-1 is functional in bacteria should perhaps not be surprising. None of the molec-
ular mechanisms previously elucidated for LINE-1 retrotransposition [100] are eukaryote-
specific. Consequently, bacteria may provide a useful model system for studying directly
the fundamental rates and mechanisms of LINE-1 retrotransposition, as manipulation and
quantitative, high-throughput measurement of transposable element activity in bacteria is
straightforward [126], and the intracellular environment of bacteria is simpler for LINE-1
to navigate than the complex, multi-compartment intracellular environment of a human or
other eukaryotic cell. Additionally, LINE-1 is already present in and makes up∼17% of the
human genome, suggesting possible exploitation of this large fraction of the human genome
for its anti-microbial properties.
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Figure 3.10: Uncontrolled T7lac promoter expression in stationary phase.
Cultures of BL21(DE3) pET28a-mCherry grown in lysogeny broth (LB) without addition of
IPTG. Left: culture ∼6 hours after inoculation, having just entered stationary phase; right:
overnight culture. pET28a-mCherry has the same pBR322 plasmid backbone as pTKIP, and is
using the same T7lac promoter to drive expression of mCherry. Even without addition of IPTG,
expression of mCherry (and hence TL1H and EL1H) is uncontrolled and extremely strong in
stationary phase. T7 polymerase expressing cultures carrying EL1H and TL1H that are allowed
to go into stationary phase do not survive as a result, and glycerol stocks degrade rapidly over
time and must be periodically remade.
3.4 Materials and Methods
3.4.1 Strains and Media
Cloning and molecular manipulation of constructs was performed with E. coli strain NEB-
Turbo (New England Biosciences). Experiments assaying effects of LINE-1 expression
in E. coli were performed in the strain BL21(DE3). B. subtilis experiments were performed
with wildtype strain 168, as well as ∆ykoU (WN1080/BFS1845), ∆ykoV (WN1081/BFS1846),
and ∆ykoU ∆ykoV (WN1082/BFS1847) knockout strains [113].
The lethality of both TL1H and EL1H requires that care must be taken when handling strains
capable of LINE-1 expression. Because of build-up of T7 polymerase and the resulting
feedback in T7-controlled gene expression (Fig 3.10), in stationary phase even uninduced
cultures rapidly become non-viable. Consequently, cultures must be maintained and mea-
sured at relatively low OD. Similarly, the lifetime of frozen glycerol stocks is drastically
reduced and must be frequently remade with plasmid extracted from T7-less strains used
for propagating the LINE-1 plasmids.
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Experiments with E. coli were performed in a variety of media, including EZ Rich Defined
Medium (RDM; Teknova) with either 0.5% w/v glucose or 0.5% v/v glycerol as carbon
source, and M63 minimal medium [100 mM KH2PO4, 15 mM (NH4)2SO4, 1 mM MgSO4,
1.7 µM FeSO4, 0.5% w/v thiamine, pH adjusted to 7.0 with KOH] with either 0.5% w/v
glucose or 0.5% v/v glycerol as carbon source. When indicated, 0.2% w/v casamino acids
(BD Biosciences) were added to M63 + 0.5% w/v glucose to make glucose cAA medium.
Antibiotics were added as appropriate for plasmid maintenance.
3.4.2 Plasmid Construction
The E. coli optimized LINE-1 element, EL1H, was designed with Vector NTI software
(Thermo Fisher Scientific) and synthesized de novo and cloned into pUC57-kan by GE-
NEWIZ Gene Synthesis (GENEWIZ). The EL1H cassette is flanked by I-SceI restriction
sites and LP1 and LP2 sequences for chromosomal integration [1,2,81]. BL21(DE3) trans-
formed with pUC57-EL1H do not survive due to leaky LINE-1 expression from the high
copy number pUC57 plasmid. We digested pUC57-EL1H with I-SceI and gel purified the
resulting EL1H fragment (QIAquick gel extraction kit, QIAGEN). We ligated EL1H into
pTKIP-neo plasmid that had been I-SceI digested, dephosphorylated with Antarctic Phos-
phatase (NEB), and gel purified. The resulting plasmid, pTKIP-EL1H, is medium copy
number and was used for all experiments described here.
To generate pTKIP-EL1HID, the mTFP1ID (Integration Detection) cassette sequence was
designed with Vector NTI software and synthesized and cloned into pUC57-kan by GE-
NEWIZ. We non-directionally subcloned mTFP1ID into an XhoI restriction site designed
into pTKIP-EL1H between ORF2 and the poly(A) tract, and the correct orientation was
determined by screening resulting clones by restriction fragment length analysis following
digestion with PvuII (NEB).
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To create the human-extracted version of LINE-1, TL1H, T.E.K. extracted his genomic DNA
by a buccal swab followed by phenol-chloroform extraction and ethanol precipitation [108].
Using T.E.K.’s genomic DNA, we amplified an LINE-1 element using primers designed to
target the highly active LINE-1 element #4-35 identified by Beck et al. [85] between the
AccI restriction sites they used for cloning and testing of retrotransposition efficiency. The
PCR fragment resulting from T.E.K.’s DNA was amplified again using primers containing a
T7lac promoter with a consensus Shine-Dalgarno RBS that annealed to the 5’ end of ORF1
and that flanked the LINE-1 element with ApaI and SalI restriction sites. The resulting
PCR product was purified (QIAquick PCR purification kit, QIAGEN), digested with ApaI
and SalI, and ligated into similarly prepared pTKIP-neo plasmid [1, 2], forming plasmid
pTKIP-TL1H.
To create plasmid pHCMC05-EL1H, EL1H was amplified from pTKIP-EL1H with primers
including AatII and XmaI restriction sites. The resulting product was digested, gel puri-
fied, and ligated into the AatII and XmaI restrictions sites within the MCS of pHCMC05.
pHCMC05-lacZYAX was made by amplifying the lacZYA operon from E. coli MG1655 by
colony PCR, including some sequence of the cynX gene downstream of lacA, using primers
containing XbaI and XmaI restrictions sites. This PCR fragment was digested, PCR pu-
rified, and ligated into the XbaI and XmaI restriction sites of pHCMC05. pHCMC05-
lacZYAX was designed to be exactly the same size as pHCMC05-EL1H (13,941 bp) and
express lacZ from the same promoter and ribosomal binding site as EL1H in pHCMC05-
EL1H.
To assess the effects of NHEJ enzymes in E. coli, we designed a cassette expressing the
B. subtilis NHEJ genes ykoU and ykoV from the synthetic promoter PLtetO1 [60] using Vec-
torNTI software. We optimized codon usage of ykoU and ykoV for expression in E. coli and
included in the cassette the gene encoding tet repressor expressed from a strong constitutive
PlacIQ promoter. The cassette was synthesized de novo by GENEWIZ and cloned into the
plasmid pUC57-kan. All Sanger sequencing was performed by ACGT, Inc and the UIUC
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Core Sequencing Facility.
3.4.3 B. subtilis Transformation
Colonies of each B. subtilis strain were picked from nonselective Lysogeny Broth (LB)
plates and used to inoculate cultures containing 2 ml per transformation reaction MC trans-
formation medium (5.36 g K2HPO4, 26.2 g KH2PO4, 10 g D-glucose, 0.5 g casamino acids,
1 g L-glutamate, 5 ml 300 mM sodium citrate, 0.5 ml 22 mg/ml ferric ammonium citrate,
1.7 ml 1 M MgSO4, 2.5 ml 10 mg/ml L-tryptophan, and 2.5 ml 10 mg/ml L-phenylalanine
per 500 ml medium). These cultures were grown for 5 – 6 hours in a 37°C shaking water
bath until entering stationary phase growth, at which point 400 µl of each strain was added
to 20 µl of each miniprepped plasmid in a 5 ml round bottom polypropylene tube (Falcon
Corning). The tubes were placed back in the 37°C shaking water bath for two hours, after
which the entire mixture was spread on LB agar plates containing 5 µg/ml chloramphenicol.
3.4.4 LacZ Measurements
B. subtilis 168 pHCMC05-lacZYAX was inoculated into RDM glucose and, when OD600 of
the culture reached ∼ 0.3 - 0.5, 0.5 ml of culture was added to 0.5 ml Z-buffer + 0.1% SDS
with 100 µl toluene. This mixture was vortexed and incubated in a 37°C water bath for 30
minutes. The LacZ assay was then performed as previously described [68, 114].
3.4.5 Growth Rate Determination
To measure the effect of LINE-1 expression on E. coli’s growth rate shown in Figs. 3.1-3.4,
starter cultures were prepared by inoculating Lysogeny Broth (LB) + 100 µg/ml ampicillin
with glycerol stocks of BL21(DE3) carrying either an empty pTKIP-neo vector, pTKIP-
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Figure 3.11: Representative growth curves.
In these examples, BL21(DE3) pTKIP-neo was grown in M63 glycerol medium with various
concentrations of IPTG for ∼24 hours in a plate reader maintained at 37 °C with continuous
shaking and OD600 measurements taken every 10 minutes. Doubling time was calculated as the
slope of linear portion of background-subtracted Log2(OD600) versus time, i.e. from ∼10 – 18
hours in these examples.
TL1H, or pTKIP-EL1H as indicated. This starter culture was grown at 37°C in a shaking
water bath (New Brunswick C76) at 37°C. Once OD600 of this culture reached ∼0.4 – 0.5,
1 µl of the starter culture was added to 50 ml of the experimental medium + 100 µg/ml
ampicillin, pre-warmed to 37°C and thoroughly mixed. 2 ml of this medium was then added
to each well of a microplate (Thermo Fisher Scientific Nunclon Delta Surface). Appropriate
concentrations of IPTG were added to each well, such that each induction condition was
performed in triplicate. The plate was then loaded into a Tecan Infinite f200 plate reader
pre-warmed to 37°C. Measurements of OD600 were performed every 10 minutes over the
course of∼24 hours with the temperature maintained at 37°C and with continuous shaking.
The growth rates reported in Figs. 3.1-3.4 are averages of the doubling time determined as
the slope of the logarithm, base 2, of the background subtracted OD600 versus time in the
regime of exponential growth; example growth curves are shown in Fig 3.11.
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3.4.6 Microscopy and Image Analysis
To perform fluorescent microscopy, 50 µl samples of culture were spread onto 1% agarose
pads prepared on glass slides (Fisher Scientific Premium, 3” × 1” × 1 mm), covered with
a #1.5 glass cover slip (VWR, 22 × 30 mm). The slide was placed on a Nikon Eclipse Ti-
E fully automated inverted microscope with Perfect Focus System (PFS) automated focus
correction. Images were taken using a Nikon CFI Apo TIRF 100x oil immersion objective
(NA = 1.49) and captured using an Andor iXon Ultra 897 EMCCD camera with 100 ms
exposure. Fluorescent excitation was performed using highly inclined and laminated optical
sheet (HILO) laser illumination [50] at 457 nm. 457 nm excitation was provided by a 40
mW Argon laser (CVI Milles Griot). Filter set used was Z457/10x ET485/30m (Chroma).
3.4.7 Quantitative RT-PCR
Synthesizing and Extracting Retrotransposon RNA
In vitro transcription of the retrotransposon RNA was performed to generate standards for
the qRT-PCR. BL21 pTKIP-T7RTE, a strain containing a plasmid with the retrotransposon
under the control of a T7 polymerase promoter, was grown to stationary phase in PDM
(plasmid DNA medium), mini-prepped (Qiagen) to extract the plasmid, digested with I-SceI
(NEB) to linearize the plasmid, and PCR-purified (Qiagen). The MegaScript T7 High Yield
Transcription Kit was used to transcribe retrotransposon RNA from the linearized plasmid in
vitro. The RNA was then digested with DNase (Ambion) and purified via LiCl precipitation.
The concentration of the RNA was measured with a spectrophotometer (Nanodrop), then
serially diluted to obtain five samples with concentrations ranging from 10−3-10−7 of the
original concentration.
To extract RNA from cells expressing the retrotransposon, BL21 pTKIP-TL1H was grown
73
in LB (Lysogeny Broth) until exponential phase (OD600∼0.2), then inoculated into flasks
containing 10mL of a specified medium that had been titrated with IPTG (Isopropyl β-
D-1-thiogalactopyranoside). The media used were RDM (rich defined medium) + 0.5%
glucose, RDM + 0.5% glycerol, M63 (a minimal medium) + 0.5% glucose + 0.1% cas-
amino acids, M63 + 0.5% glucose, and M63 + 0.5% glycerol. Each medium was titrated
using IPTG concentrations of 0µM, 10µM, 20µM, 35µM, and 50µM. After 6 doublings to
reach exponential phase (OD600∼0.2), RNA was extracted using the Trizol Max Bacterial
RNA Isolation Kit, digested with DNase (Ambion), and the resulting RNA concentration
was measured using a spectrophotometer (Nanodrop).
cDNA Reverse Transcription
All RNA samples were reverse transcribed into complementary DNA (cDNA) using the
Applied Biosystems High Capacity cDNA Reverse Transcription Kit. The reactions were
performed in a thermal cycler (BioRad), and then digested with RNase H (NEB) to produce
clean single-stranded cDNA.
qRT-PCR
qRT-PCR was performed on all cDNA samples in a CFX96 Real-Time thermal cycler (Bio-
Rad), using Bio-Rad SsoAdvanced Universal SYBR Green Supermix and primers that am-
plified a 150bp region of the RTE. The annealing temperature was 60°C and all reactions
went through 40 cycles of amplification. All samples were tested in triplicate. Melt curves
showed a sharp peak at 84.5°C, indicating that the primers targeted the desired sequence on
the retrotransposon, and only one region of the cDNA was consistently amplified. Negative
controls of RNA extracted from cells crossed the cycle threshold number much later than
cDNA samples, verifying that initial plasmid DNA was successfully digested by the DNAse
and not contributing to the qPCR measurements.
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Chapter 4
Advanced System for Precise Genome
Modification in Escherichia coli
This chapter contains material from the published work by Tas, H., Nguyen, C. T., Patel,
R., Kim, N. H., & Kuhlman, T. E.1, used with permission of the authors.
This work was supported by the Center for the Physics of Living Cells NSF Physics Frontier
Center (PHY 1430124) and startup funds from the Department of Physics at the University
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4.1 Introduction
In this chapter, I describe genome editing techniques we have developed in order to manip-
ulate the bacterial genome with versatility and ease.
Currently existing genome editing tools employ, for example, homologous recombination
(e.g., recombineering [132], KIKO [133], FRUIT [134], and PLRS [135]), the cleavage
or excision of a target genomic sequence through the nuclease activity of homing endonu-
cleases (e.g., gene gorging [136], MAGIC [137], ALFIRE [138], and earlier versions of
Landing Pad technology [1, 2]), phage-derived integrases (CRIM, [139]; clonetegration
[140]; ΦC31 [141–143]), and CRISPR-Cas9 based systems [144–148]. Additional tools for
genome editing in eukaryotes include engineered zinc-finger nucleases (ZFNs, [148, 149])
and transcription activator-like effector nucleases (TALENs, [148, 150, 151]).
In many cases, the system used is dictated by the type of genomic modification desired.
Recombineering is well suited for the integration of small DNA fragments into specific ge-
nomic locations, making it ideal for introducing point mutations, performing deletions, or
integrating short coding sequences. Conversely, phage-based systems are applicable for the
integration of large constructs at preexisting phage attachment sites in the genome; how-
ever, they are generally inapplicable to other tasks, such as targeting insertions to specific
genomic loci or the generation of knockout mutants. Nuclease-assisted recombineering,
such as CRISPR-Cas9 systems and Landing Pad technology, combine the benefits of both
recombineering and phage-based editing methods: they are able to easily introduce or delete
large coding sequences at any desired genomic location and in any orientation. They differ
only in how the nuclease activity is targeted to the genomic location to be edited. CRISPR-
Cas9 systems require the in vivo expression of a guide RNA complementary to the targeted
location. The Landing Pad system, on the other hand, is guided by the recombineering of a
short ‘landing pad’ including unique recognition sites for the homing endonuclease I-SceI
at the desired location.
76
Figure 4.1: Plasmids of the ’Landing Pad’ system.
The helper plasmid, pTKRED, expresses I-SceI (inducible with L-arabinose), λ-Red enzymes
(inducible with IPTG), and spectinomycin resistance gene, and has a temperature sensitive
pSC101 origin of replication that can be cured by growth at 42°C. The LP template plasmid,
pTKLP, serves as a PCR template for amplification of either the tetA or galK landing pad, and
carries a R6Kγ pir+-dependent origin of replication. The donor plasmid, pTKDP, serves as a
fragment donor for the integration of large constructs that have been cloned into the purple region
of the plasmid, guided by recombination with landing pad LP1 and LP2 sequences, or custom
homology regions as described in this report. The sequence sizes given are for pTKLP-tetA
and pTKDP-neo; tetA is exactly replaced with galK in pTKLP-galK, and neo is exactly replaced
with various antibiotic resistance genes for alternate versions of pTKDP. Small green boxes are
I-SceI restriction sites; Landing Pad Regions 1 and 2 are small red boxes labeled LP1 and LP2
respectively.
Here, we describe an optimized Landing Pad system [1, 2] of three engineered plasmids
(Fig. 4.1) that allows for the precise modification of the E. coli genome in a wide variety of
ways. A helper plasmid, pTKRED [1], allows the inducible expression of the recombino-
genic λ-Red enzymes [132, 152–157], the homing endonuclease I-SceI [2, 136, 158], and
RecA. This plasmid carries spectinomycin resistance gene and thus spectinomycin was used
to select for cells containing this plasmid. The plasmid pTKLP serves as a PCR template
for the amplification of a 1.3 kbp ‘landing pad’, which consists of a gene conferring either
resistance to tetracycline (tetA) or the ability to metabolize the sugar galactose (galK, [132])
flanked by I-SceI recognition sites and standardized sites for priming and homologous re-
combination (LP1 and LP2 in Fig. 4.1). Either tetracycline or having galactose as sole car-
bon source was used for selecting cells containing this plasmid.
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Because of its small size, the landing pad is easily recombineered into the desired location
in the genome [1] by λ-Red mediated homologous recombination, and serves as a subse-
quent target for cleavage by I-SceI and recombination by λ-Red. Successful integration of
the landing pad can be positively selected for thorough growth on medium containing tetra-
cycline (for tetA landing pad) or galactose as the sole carbon source (for galK landing pad).
Finally, the ultimately desired modification can be accomplished through excision of the
landing pad and/or replacement with a DNA fragment carrying the modification; if this re-
quires the integration of a large fragment (> ∼2.5 kbp), the donor plasmid pTKDP, which
harbors the integration fragment, is co-transformed into the cells and digested in vivo by
I-SceI. This plasmid carries ampicillin resistance gene and sacB gene. Thus ampicillin was
used to select for, while sucrose was used to select against cells containing this plasmid.
In either case, homologous recombination results in repair or replacement of the excised
landing pad with the desired integration fragment or modified sequence.
The efficiency of selection for successfully modified cells is enhanced through negative
selection against retention of the landing pad. In the case of tetA, the bacteria are inoculated
into medium containing NiCl2 after the integration step; NiCl2 is selectively lethal to E. coli
expressing tetA [159], and hence those cells which are unsuccessfully modified and retain
the tetA landing pad are eliminated from the population. Alternatively, the galK landing
pad can be selected against by growth of the bacteria in the presence of 2-deoxy-galactose
(DOG, [132, 136]). The enzyme product of galK, galactokinase, phosphorylates DOG into
the non-metabolizable product 2-deoxy-galactose-1-phosphate, which builds up to lethal
levels in those cells retaining the landing pad. In particular, the highly efficacious selection
and counter-selection for galK using galactose and DOG [132, 136], combined with the
lethality of chromosomal double breaks cause by I-SceI and subsequent rescue by the repair
of the break by successful modification [1, 2], allows the precise editing of the genome
and integration of large constructs without the accompanying integration of any antibiotic
resistance genes into the host genome at any point. Such an antibiotic-free approach can be
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advantageous when, for example, working with potentially pathogenic strains or species.
Furthermore, the plasmids pTKLP and pTKDP incorporate selectable countermeasures
against undesired transformation or retention of the plasmids, eliminating requirements for
tedious and time consuming screening [1]. pTKLP contains the R6Kγ origin of replica-
tion, and can therefore only be stably transformed and maintained in cells expressing the
Pi protein required for R6Kγ replication [139]. As wildtype K-12 MG1655 and many
other commonly used E. coli strains do not express Pi, this ensures that cells positively
selected for tetA or galK expression are the result of successful incorporation of the landing
pad rather than transformation of residual pTKLP used as PCR template. For pTKDP, the
unintegrated plasmid backbone constitutively expresses levansucrase encoded by the gene
sacB [160–163], which catalyzes the hydrolysis of sucrose into non-metabolizable levans.
Therefore, when sucrose is added to the medium during the counter-selection step, those
cells which are not cured of pTKDP by I-SceI are lysed as a result of the buildup of levans
within the periplasmic space [163].
Additionally, in a previous version of the Landing Pad method, two 25 bp ‘landing pad
regions’ (LP1 and LP2) were used as targets for homologous recombination [1]. However,
in some instances, the introduction of these extra 25 bp regions may be undesirable, such as
when fusing two genes together, or integrating a new gene into an existing operon. In such
cases, it is required that the integration be exact; that is, no additional sequence without
direct and desired coding function can be included in the integration fragment.
We demonstrate the power of this single method to perform a variety of genome modifica-
tions that previously required the application of a variety of distinct tools and techniques.
Specifically, we perform: (1) the integration of the entire lac operon (∼6.5 kbp) into any
desired location of the genome without the introduction of any extraneous sequence or the
integration of any antibiotic resistance genes into the genome; (2) the direct, in situ fusion
of native chromosomal genes to fluorescent reporter genes without any additional pertur-
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bation; and (3) the scar-less deletion of ribosomal rrn operons (∼6 kbp) through either
intrachromosomal homologous recombination or recombination with oligonucleotides.
4.2 Results
4.2.1 NiCl2 Successfully Selects Against tetA
To increase the efficiency of isolation of successfully modified bacteria, unsuccessfully
modified bacteria which retain tetA after the attempted excision of the landing pad by I-
SceI can be selected against using NiCl2 [159]. We have verified and quantified the efficacy
of tetA counterselection using NiCl2 in E. coli MG1655 within the context of the Landing
Pad system by growing wildtype and rrnB::tetA landing pad integrants (see Chapter 4.4.10
Scarless Deletion by Intrachromosomal Recombination) in a spectrum of NiCl2 concentra-
tions from 0 –10 mM (Fig. 4.2). Our results indicate that wildtype MG1655 is able to grow
satisfactorily in a range of 5–7 mM NiCl2, while the growth of tetA-expressing landing pad
integrants is arrested at these concentrations, making it the ideal range of NiCl2 for selec-
tion. Outside of that range, both wildtype and landing pad integrants grow well at low NiCl2
concentrations, and cannot grow at all at high concentrations.
Because of the higher average copy number of genes located near the origin of replication,
oriC, the absolute level of tetA expression will vary as a function of the location of inte-
gration relative to oriC [76, 164–167]. However, we have verified for a variety of landing
pad integration locations around the chromosome ( [1,76] and this report) that 6 mM NiCl2
is effective for tetA landing pad counterselection regardless of the integration location, as
will be shown for integrations, deletions, and gene fusions in a variety of locations in the
following sections.
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Figure 4.2: tetA counterselection with NiCl2.
Wildtype MG1655 (black circles, solid line) and MG1655 rrnB::tetA (red triangles, dashed line)
were grown in RDM + 0.5% v/v glycerol with concentrations of NiCl2 from 0–10 mM, and the
effect of NiCl2 quantified by measuring the growth rate (doublings per hour) in exponential
growth. Points are the average of three measurements, and error bars are the SD. The growth
rate for both strains at high concentrations of NiCl2 where no observable growth was detected
is set to zero. Because of the large differential in growth rate, counterselection against the tetA
landing pad can be effectively performed at 5–7 mM NiCl2 in K-12 MG1655
4.2.2 Exact Integration is Successfully Performed without the Use of
Antibiotics
Exact integration of very large constructs can be accomplished by making minor modifi-
cations to the donor plasmid pTKDP to replace the LP regions with regions of sequence
homology to the desired chromosomal integration locus [2]. To demonstrate this, we gen-
erated linear DNA fragment encoding the entire lac operon by PCR using primers designed
so that the fragment is flanked on either end by I-SceI sites and 50 bp homology to one
of three loci in the E. coli chromosome: near the chromosomal origin of replication (atpI
locus), near the terminus of replication (nth locus), or halfway between the origin and termi-
nus on the left hand replichore (ygcE locus) [1]. These fragments were ligated into pTKDP
plasmid backbone also previously digested with I-SceI and dephosphorylated. With these
two simple steps, we generated three donor plasmids containing a large integration frag-
ment (the∼6.5 kbp lac operon) without any antibiotic marker and flanked by locus-specific
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homology regions.
These plasmids were transformed into the corresponding strains where the lac operon had
been deleted (MG1655 ∆lac [1]) and where the tetA landing pad had been integrated at
each of the three loci. The integration of the lac operon was performed as described in
Chapter 4.4.8 Exact, Antibiotic-free Integration, and the number of correct integrants both
before and after NiCl2 + sucrose counterselection was quantified as the number of blue/white
when grown on 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-gal) and the result
is shown in Table 4.1. Using the tetA landing pad, the integration is extremely efficient
at the atpI and nth loci, yielding ∼95–97% correct integrants even without any additional
selection or counterselection. Integration at the ygcE locus without counterselection was
less efficient, yielding ∼26% successful integrants; this efficiency was increased to ∼76%
when counterselection with 6 mM NiCl2 and 5% w/v sucrose was applied. PCR amplifica-
tion across the integration locus and sequencing of failed ygcE integrants showed that the
landing pad had been excised and the break repaired by intrachromosomal nonhomologous
recombination. It is unclear what the differences are between the ygcE locus and the atpI
and nth loci that render the ygcE locus, but not the atpI or nth loci, amenable to such repair.
For each strain, representative blue colonies for each locus were verified by colony PCR
across the integration, and sequencing of these PCR products verified that the junctions
between the integrated fragment and the adjacent chromosomal sequence were correct and
exact.
We repeated this same procedure using MG1655 ∆lac ∆galK strains where a galK landing
pad was integrated at each of the three chromosomal loci, and we quantified the efficiency of
integration as outlined above. The number of correct integrants before counterselection was
substantially lower (∼6% -16%) using the galK instead of the tetA landing pad for unknown
reasons. However, after counterselection with 5% w/v sucrose and 0.2% w/v DOG, the
efficiency of integration at each locus using the galK landing pad was comparable to that
obtained with the tetA landing pad. Again, representative blue colonies for each strain were
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Table 4.1: List of oligos used for genome modifications.
Oligos used for amplification and recombineering of the landing pad are designated with ‘LP’.
Primers used for colony PCR verification are designated ‘ver’. Primers for amplifying the lac
operon, mCherry, or ECFP with locus specific homology are designated as ‘lac’, ‘mCherry’, or
‘CFP’ respectively. Finally, oligos used to complete the deletion of rrnB are designated ‘Pos’ or
‘Neg’.
83
Figure 4.3: Exact, antibiotic-free integration.
Agarose gel electrophoresis of colony PCR products using primers that bind to regions flanking
each locus (atpI, nth, and ygcE). The first lanes of each show PCR products from wildtype cells
(WT). The second lanes of each show the PCR product after the landing pad is inserted (LP).
The last lanes of each show PCR products after integration of the lac operon at each locus (INT).
verified by colony PCR (Fig. 4.3) and sequencing. Therefore, using the galK landing pad,
we have exactly integrated a ∼6.5 kbp fragment into specific chromosomal loci without
the introduction of any extraneous sequence and without the integration of any antibiotic
markers at any step of the procedure.
4.2.3 In situ Gene Fusion is Performed successfully
Using recombineering and counterselection against the tetA landing pad, we used the Land-
ing Pad system to demonstrate the in situ translational fusion of the native chromosomal
genes encoding the housekeeping sigma factor σ70, rpoD, and the α subunit of the histone-
like nucleoid associated protein HU, hupA, to fluorescent reporter genes without any ad-
ditional disruption of surrounding sequence. The strategy is outlined in Fig. 4.4A. Using
recombineering and positive selection for the tetA landing pad with tetracycline, we first
integrated the landing pad between the stop codon for the targeted gene and the next imme-
diate base. Then, by counterselecting against landing pad retention with NiCl2, we replaced
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Figure 4.4: In situ gene fusion.
(A) Strategy for gene fusion in situ. The tetA landing pad is integrated directly between the stop
codon and the next base pair by homologous recombination between regions A and B, where the
last 3 bp of region A is the stop codon of the targeted gene. The landing pad is then replaced by
recombineering and counterselection using NiCl2, removing the stop codon and fusing the two
coding sequences together. Homologous recombination between regions A and A’ (identical to
A without TAA STOP) and B and B’ (identical to B with new TAA STOP) results in translational
fusion. (B) Agarose gel electrophoresis image of colony PCR products verifying fusions to rpoD
and hupA, columns 1–2: wildtype; columns 3–4: tetA Landing Pad (LP) integrants; columns 5–
9: rpoD::mCherry fusion; columns 10–14: hupA::ECFP fusion. (C) Sequencing results for
fusions of rpoD::mCherry and hupA::ECFP. (D) 400X images of wildtype MG1655 (top) and
MG1655 rpoD::mCherry hupA::ECFP (bottom) with brightfield (left column), 561 nm laser
excitation for mCherry (middle column) and 457 nm laser excitation for ECFP (right column).
the landing pad with the fluorescent reporter gene, eliminating the target gene’s stop codon
in the process and translationally fusing the two genes together.
Because both the coding sequences of mCherry and ECFP are short (711 bp and 720 bp
respectively), replacement of the landing pad can be accomplished by direct transformation
of the cells with linear DNA amplified by PCR as outlined in Methods – in situ gene fu-
sion. After the saturated counterselection culture (containing NiCl2) was diluted and plated
on LB agar. For each of the gene fusions, we picked five colonies from these plates and
performed colony PCR and sequencing to verify the integrations (Fig 4.4B and 4.4C); all
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colonies tested had successfully integrated the fluorescent reporter gene. Finally, to demon-
strate repeatability, we again performed the hupA::eCFP fusion in the previously gener-
ated MG1655 rpoD::mCherry fusion strain. The success rate for verified colonies was
again 100%, and example images of both wildtype MG1655 and MG1655 rpoD::mCherry
hupA::eCFP in the brightfield and fluorescent channels are shown in Fig. 4.4D.
4.2.4 Scarless Deletion by Intrachromosomal Recombination Shows
Reliable Performance
As we also demonstrated the usage of Landing pad system in scarless deleting of genes, the
rRNA operon rrnB was selected as a target gene of deletion. The deletion landing pad was
first integrated into chromosome to replace rrnB, then the deletion of this landing pad was
performed in the recombination growth with IPTG and L-arabinose (see Chapter 4.4.10
Scarless Deletion by Intrachromosomal Recombination)
After the NiCl2 selection step, we selected several colonies for screening; none grew on
plates containing 10 µg/ml tetracycline. Eight colonies were picked randomly to verify
the result of the deletion by colony PCR and sequencing (Fig. 4.5B and 4.5C). Agarose
gel electrophoresis of the colony PCR products showed that the original operon rrnB (size
of about 6kbp) (Lane 1) was replaced by the deletion landing pad (size of 1.6 kbp) (Lane
2) after landing pad integration. After deletion and counterselection, all of newly picked
eight colonies had the band of size 270bp demonstrating excision of the tetA landing pad
(Fig. 4.5B). Sequencing results of the PCR product (270bp) confirmed the desired scarless
deletion of rrnB (Fig. 4.5C). We have subsequently used this procedure to delete each of
four other ribosomal operons (data not shown), with the same level of success.
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Figure 4.5: Scarless deletion by intrachromosomal homologous recombination.
(A) Strategy. The target gene is replaced by recombineering using a landing pad amplified using
primers containing homology regions A, B, and C. The landing pad is then eliminated by in vivo
I-SceI digestion and λ-Red mediated homologous recombination between regions C, followed
by counterselection against tetA landing pad retention with 6 mM NiCl2. (B) Verification of the
deletion by colony PCR using primers flanking the rrnB operon. Lane 1: wildtype rrnB from
MG1655 (WT; ∼6 kbp); Lane 2: MG1655 rrnB::tetA landing pad integrant (LP; ∼1.6 kbp).
Lane 3–10: 8 randomly picked colonies after deletion (270bp). (C) Sequence of the operon rrnB
and the sequencing result after deletion. Targeted homology regions are indicated by same color
scheme as in (A).
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Figure 4.6: Scarless deletion by recombineering with oligonucleotides.
(A) Strategy. The target gene is replaced by recombineering with the tetA landing pad. The
landing pad is then replaced by recombineering with short, synthesized oligonucleotides and
counterselection with 6 mM NiCl2. (B) Agarose gel electrophoresis of colony PCR products
verifying deletion of rrnB. Lane 1: Wildtype rrnB (WT); Lane 2: tetA landing pad integrant;
Lanes 3–10: 8 randomly sampled colonies after deletion. (C) Sequencing result after deletion
compared to the original sequence. Targeted homology regions are indicated by the same color
scheme as in (A).
4.2.5 Scarless Deletion with Oligonucleotides Shows Reliable Perfor-
mance
While scarless deletion by intrachromosomal recombination is effective and efficient, it re-
quires the synthesis of two large, expensive primers (75 bp and 150 bp) including the ho-
mology regions A, B, and C for the targeted locus. We have demonstrated another scarless
deletion method requiring lower cost by using small oligonucleotides. These oligos con-
tain the same two homology regions used to integrate the landing pad primer synthesized
directly adjacent to one another. Therefore, when these oligos are transformed into the cells
and replace the landing pad by homologous recombination enhanced by I-SceI- induced
double strand breaks, the entire intervening sequence is eliminated (Fig. 4.6A). The effi-
ciency of integration was tested with the usages of single stranded oligos targeting either
the leading or lagging strand, or annealed double stranded oligos.
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We prepared the landing pad integrants for recombineering and transformed them with
equimolar amounts of single stranded and double stranded oligos as described in Meth-
ods – Scarless deletion with oligonucleotides. After transformation and recovery for four
hours, the culture was transferred to 10 ml RDM + 0.5% v/v glycerol with a final concentra-
tion of 6 mM NiCl2 and allowed to grow to saturation for tetA counterselection. A sample
of this culture was diluted 105 fold and plated on LB agar, and 20 representative colonies
for deletions with each type of oligo were verified by colony PCR (Fig. 4.6B, only 8 shown)
and sequencing (4.6C). Colony PCR for all clones demonstrated that rrnB and the landing
pad was deleted with 100% efficiency; 8 representative samples from Okazaki fragment-like
lagging strand targeting single stranded oligos are shown in Fig 4.6B. Sequencing, however,
showed that double stranded and Okazaki-like single stranded oligos resulted in errorless
deletion in only 60% of samples, while leading stranded-targeting single stranded oligos
resulted in 10% of the samples. These results are in accord with previous studies show-
ing that recombineering is much more efficient using double or single stranded oligos that
incorporate into the lagging strand during replication [168].
4.3 Discussion
We have shown here how, using NiCl2 or DOG for counterselection against landing pad re-
tention, the Landing Pad system [1,2] can be extended to generate a wide variety of genome
modifications that would previously require the application of a wide variety of editing sys-
tems. The procedures described here take ∼1–2 weeks from start to verified end product.
Using this single system, we have explicitly demonstrated the translational fusion of native
chromosomal genes to fluorescent reporters without additional perturbation, scarless gene
deletion, and the exact, markerless integration of very large constructs into any locus in the
E. coli genome. Using a galK landing pad, we have demonstrated the integration of the very
large (∼6.5 kbp) lac operon into specific loci without the integration of antibiotic markers
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into the genome at any step. As far as we are aware, such a feat was previously impossible
with any other existing technologies. Using judiciously designed primers, oligonucleotides,
and integration locations, it is also possible to use the Landing Pad system to generate sin-
gle base pair substitutions and indels into specific genes in situ. Furthermore, we describe
upgrades to the Landing Pad system: the landing pad template pTKLP and donor plasmids
pTKDP [previously referred to as pTKS/CS and pTKIP, respectively [1]] have been opti-
mized to include modifications that eliminate the need for screening against transformation
or retention of these plasmids.
We have demonstrated and quantified the efficacy of nickel chloride (NiCl2) as a reagent
for the effective negative selection against tetA expression within the context of the Landing
Pad system [76,159]. By employing such negative selection against the landing pad, the ef-
ficiency of selection of exact modifications without additional antibiotic markers can be sig-
nificantly increased. The tetA gene in the landing pad is ideal for this purpose: its successful
integration into the chromosome can be positively selected for by growth in medium con-
taining tetracycline, while its retention after replacement can be negatively selected against
using fusaric acid or nickel chloride [159, 162, 169, 170]. Previous studies have shown that
counterselection against tetA using fusaric acid can be effective if simultaneously combined
with additional negative selection against the marker sacB when grown in the presence of
sucrose [162]. However, fusaric acid is significantly more expensive than nickel chloride,
and the necessity to combine fusaric acid counterselection with sacB for adequate selective
pressure eliminates other possible simultaneous applications of sacB.
To effect the exact integration of small fragments into the chromosome without the inclu-
sion of any additional unwanted sequence (e.g. antibiotic selection markers), previously
existing methods have employed the gene encoding galactokinase, galK [132]. Integra-
tion of galK into a galK− host can be selected for by the ability to metabolize the sugar
galactose. The expression of galK can also be selected against by supplying the cells with
the galactose analogue 2-deoxygalactose (DOG), which galactokinase phosphorylates into
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non-metabolizable and ultimately lethal products. Positive and negative selection of galK
using galactose and DOG is effective, and, since it does not confer resistance to antibiotics,
provides advantages when working with pathogenic strains or species. We have therefore
created a version of the landing pad employing galK rather than tetA for such applications.
However, use of galK also has disadvantages. One must be sure that the intended recip-
ient strain is incapable of galactose metabolism such that positive selection on galactose
can be successful. Furthermore, galactose must be the only carbon source available for
positive selection to be effective, and hence growth and selection must be performed in
minimal medium [132]. The preparation of, and extremely slow bacterial growth on, min-
imal medium plates makes this approach tedious and time consuming, while positive and
negative selection of tetA can be performed rapidly and at low cost in liquid rich medium
containing NiCl2.
We have demonstrated the scarless deletions of large regions of the chromosome using two
methods: recombineering of a complex landing pad to replace the targeted gene, followed
by its in vivo digestion by I-SceI and λ-Red mediated repair by intrachromosomal recom-
bination; and recombineering of a simpler landing pad to replace the targeted gene, fol-
lowed by excision of the landing pad by I-SceI and replacement by recombineering with
small oligonucleotides. Both methods are equally efficient and effective, and the choice of
method will be dictated by where it is desired to allocate time and resources. Deletion by in-
trachromosomal recombination has the advantage of requiring only a single recombineering
step, eliminating the work required for additional recombineering, e.g. the preparation and
transformation of competent bacteria. However, the large primers required are relatively ex-
pensive. Alternatively, the deletion can be completed by an additional recombineering step
with short oligonucleotides. Using this method and completing the deletion with a single-
stranded Okazaki-like oligonucleotide, the complete set of primers and oligos was much
less expensive, but requires the time and work entailed by the additional recombineering
step.
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The Landing Pad system compares favorably to other E. coli genome editing technologies,
including recombineering, phage-based approaches, and CRISPR-Cas9 systems. Recom-
bineering excels at the site-specific integration of short DNA fragments into the genome
to accomplish integrations, deletions, and exact replacements [132–134,136,142,152–158,
162,168,171,172]. However, we find that correctly integrating fragments larger than 2.5–3
kbp is prone to nonspecific integration and can be prohibitively difficult [1]. Phage based
systems [139–143] have the opposite problem: they are extremely efficient at integrating
large constructs into the genome, but without extensive engineering these integrations can
only be performed at previously existing phage attachment sites in the genome. For the
same reason, phage-based systems are generally not applicable for other genome modifica-
tion tasks, such as generating deletions, knockouts, or mutations.
CRISPR-Cas9 based systems show great potential for genome editing [144–148,173–175],
and are based upon the same underlying principle as the Landing Pad system, and the tran-
scription activator-like effector nucleases (TALENs) and zinc-finger nucleases (ZFNs) em-
ployed in eukaryotes [148–151]: genome modification can be performed or enhanced by
endonuclease mediated site-specific cleavage of the genome. In the case of the Landing
Pad system, this is accomplished by integrating unique I-SceI recognition sites into the de-
sired genomic location along with the landing pad by PCR amplification of the landing pad
using locus-specific primers. CRISPR-Cas9 systems have the advantage that they do not
require such prior modification of the genome. Cleavage by Cas9 can be directed to any
sequence in the genome, guided by short CRISPR RNAs (crRNAs) that are designed to be
complementary to the targeted sequence. The weakness, however, is that current existing
CRISPR-Cas9 genome editing systems require the design and implementation of unique
constructs to express the guiding crRNA; for example, a new plasmid must be created to
express the complementary crRNA for each desired targeted location to guide Cas9 cleav-
age to that locus. Here, the Landing Pad system has the advantage in that targeting different
genetic loci only requires new sets of locus-specific primers to amplify the landing pad.
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4.4 Materials and Methods
In the processes described here, growth in 30°C is performed whenever there is need to
ensure the retention of the temperature-sensitive pTKRED plasmid in that growth process.
For use of chemicals, cells containing pTKRED plasmids were selected with spectinomycin,
cells containing pTKLP-tetA or pTKLP-galK plasmids were selected with tetracycline or
providing galactose as sole carbon source, cells containing pTKDP plasmids were selected
with ampicillin and counter-selected with sucrose.
4.4.1 Bacterial Strains
Strains used were wildtype E. coli K-12 MG1655 (Coli Genetic Stock Center). For exact
integrations of the entire lac operon, an MG1655 strain in which the native lac operon
has been deleted was used [1] (henceforth referred to as MG1655 ∆lac; deletion including
genomic locations 361249 – 367510). For antibiotic-free integrations with galK as a selec-
tion marker, an MG1655 ∆lac strain where the native galK sequence was deleted using the
method of Datsenko and Wanner [153] was used (referred to throughout as MG1655 ∆lac
∆galK ; deletion including genomic locations 788831 – 789979). We have additionally
generated an MG1655 ∆galK strain for general use. Annotated sequences for pTKRED,
pTKLP-tetA, pTKLP-galK, pTKDP-neo, pTKDP-cat, pTKDP-hph, and pTKDP-dhfr are
available as Genbank accession numbers GU327533, KR071151, KR071150, KR071149,
KR071146, KR071148, and KR071147 respectively.
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4.4.2 Preparing Competent Cells and Transformation for Recombi-
neering
Cells competent for transformation by electroporation were prepared by inoculating an
overnight culture into 30 ml of Super Optimal Broth (SOB medium) in a baffled 125 ml
Erlenmeyer flask with appropriate antibiotics; if the cells were to be used for recombineer-
ing with pTKRED, 2 mM IPTG was also added to the medium at the time of inoculation.
These cultures were grown at 30°C in a New Brunswick C76 shaking water bath until OD600
∼0.6, at which point the cultures were placed on ice. The cells were made electrocompetent
by centrifugation (5 min at 5,000 rpm) and washing with sterile ice-cold 10% v/v glycerol
three times. 100 µl of competent cells were then mixed with ∼100 ng of DNA in a 5 ml
polystyrene round bottom tube (Falcon) on ice. This mixture of DNA and competent cells
was transferred to a 0.1 cm gap electroporation cuvette (USA Scientific) and shocked at 2.0
kV, 25 µF, 200 Ω in a Bio-Rad Micropulser electroporation apparatus. 1 ml of SOB medium
was immediately added and transferred back to the 5 ml Falcon tube; the resulting culture
was allowed to recover for four hours in a 30°C shaking water bath. At this point, 500 µl
of culture was spun down in a table top microcentrifuge (5 min at 10,000 rpm), the super-
natant dumped, the cells resuspended in the residual medium and spread on Lysogeny Broth
(LB) plates containing the appropriate antibiotic, and then placed into a 30°C air incubator
overnight. The remainder of the culture was allowed to recover overnight at room temp on
the benchtop. The next day, if no colonies had grown on the plates, the remainder of the
culture was spun down and plated in a similar fashion.
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4.4.3 Construction of the Landing Pad Template Plasmids
pTKLP-tetA/galK
To construct plasmid pTKLP-tetA, the tetA landing pad cassette was purified from plasmid
pTKS/CS [1] by digestion with I-SceI (NEB) and subsequent gel purification. A plasmid
backbone containing the R6Kγ replication origin was amplified from pKD3 [133] using
primers including I-SceI restriction sites and the landing pad sequences LP1 and LP2. This
backbone was PCR purified, digested with I-SceI, dephosphorylated with Antarctic phos-
phatase, and gel purified. The backbone and landing pad cassette were ligated together and
transformed into strain BW23474 [139], which constitutively expresses the Pi protein re-
quired for R6Kγ replication maintenance. Plasmid pTKLP-galK was created in a similar
fashion. galK was amplified from wildtype MG1655 by colony PCR using primers contain-
ing I-SceI restriction sites and the strong constitutive promoter PlacIQ1 [61]. This cassette
was PCR purified and digested with I-SceI and ligated into the same R6Kγ plasmid back-
bone used for pTKLP-tetA.
4.4.4 Construction of the Donor Plasmid pTKDP
To construct improved versions of the pTKIP plasmid, the donor plasmid in the previously
reported integration scheme [1, 2], the sacB gene, conferring sensitivity to the sugar su-
crose [160–163], and its promoter were amplified from plasmid pKO3 [176] by PCR using
primers containing NdeI restriction sites. The PCR product was PCR purified (QIAquick)
and digested with NdeI. The plasmid pTKIP-neo was also digested with NdeI, dephosphory-
lated with Antarctic phosphatase (New England Biosciences), and gel purified (QIAquick).
The plasmid was ligated together with the sacB fragment, forming the plasmid pTKDP-neo.
Versions of pTKDP with alternate antibiotic resistances (pTKDP-cat chloramphenicol re-
sistant; pTKDP-hph hygromycin B resistant; pTKDP-dhfr trimethoprim resistant) were con-
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structed through recombineering [132, 153]. First, the alternate antibiotic resistance genes
were amplified from the corresponding pTKIP plasmid using primers including 50 bp of
the sequence of pTKDP flanking either side of the gene. The resulting PCR product was
checked for the correct size via agarose gel electrophoresis and PCR purified. Next, pTKDP
was transformed into the recombineering strain SW102 [132], and the resulting strain was
transformed with the purified PCR products and plated onto LB agar containing the desired
new antibiotic. The new pTKDP plasmids from colonies growing on these plates were pu-
rified (QIAprep) and verified by sequencing (ACGT Inc).
4.4.5 Amplification, Preparation, and Integration of Landing Pad
Linear Landing Pad DNA fragment (LP) was amplified from the plasmid pTKLP by PCR
using Phusion Flash High-Fidelity PCR Master Mix (Life Technologies) using locus and
application specific primers; a table of all oligonucleotides used for recombineering in this
study is given as Table 4.1. Both pTKLP-tetA and pTKLP-galK contain standardized 25 bp
priming sequences [Landing Pad Region 1 (LP1): 5’ TACGGCCCCAAGGTCCAAACG-
GTGA 3’; Landing Pad Region 2 (LP2): 5’ GATGGCGCCTCATCCCTGAAGCCAA 3’]
that can also be used as subsequent targets for homologous recombination for general chro-
mosomal integration of constructs [1, 2]. Optimum amplification conditions were decided
for each primer set by thermal gradient PCR followed by agarose gel electrophoresis. Sam-
ples were PCR purified and digested with DpnI (New England Biolabs) for at least four
hours at 37°C to eliminate template plasmid contamination, followed by PCR purification.
To integrate the landing pad, cells were first prepared by transformation with the helper plas-
mid pTKRED [1]. These cells were then made competent and transformed with the purified
landing pad as described above (see Chapter 4.4.2 Preparing Competent Cells and Trans-
formation for Recombineering). When plating, cells recombineered with the tetA landing
pad were spread on LB plates with 10 µg/ml tetracycline and 100 µg/ml spectinomycin;
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for ∆galK cells incorporating the galK landing pad, cells were plated on M63 minimal
medium plates with 0.2% w/v galactose as the sole carbon source and 100 µg/ml spectino-
mycin [132]. These plates were incubated at 30°C overnight, at which point the remainder
of the transformed culture was plated in a similar fashion. Plates were allowed to grow un-
til colonies were visible, requiring ∼15 hours for tetA integrants and ∼48 hours for galK
integrants on minimal medium plates. Integrants were verified by colony PCR, gel elec-
trophoresis, and sequencing.
4.4.6 Counterselection against tetA with NiCl2 and Determination of
Growth Rate
Growth rate experiments for wildtype MG1655 and MG1655 strains with the tetA landing
pad incorporated at the rrnB ribosomal operon (rrnB::tetA) were performed in a 24 well
Corning Costar microplate. To begin, strains were grown overnight in 5 ml of Rich Defined
Medium (RDM, Teknova) + 0.5% v/v glycerol at 37°C in separate tubes with appropriate
antibiotics. Then, two separate tubes for each strain containing 50 ml of RDM + 0.5% v/v
glycerol were prepared by inoculation with the overnight cultures such that the calculated
initial OD was 0.002. Wells of the plate were filled with 2 mL of these cultures, and appro-
priate dilutions of 1 M NiCl2 solution were added to the wells to cover concentrations of
0–10 mM NiCl2 in 1 mM increments. After preparation, the plate was placed into a Tecan
Infinite 200 plate reader (Tecan Ltd) at 37°C with shaking, and OD values at 600 nm were
recorded every 15 minutes for 48 hours.
To calculate the doubling time of each well, the data collected from the plate reader were
analyzed using MATLAB (MathWorks). Each growth curve was blanked using the aver-
age OD600 reading collected from two uninoculated control wells. Regions of exponential
growth for each curve were identified by visual inspection of plots of Log2(OD600) vs time
and fit by linear regression to extract growth rates for each NiCl2 concentration. At high con-
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centrations of NiCl2 (>∼8 mM) neither the wildtype nor tetA landing pad strain was able to
grow and the growth curves were indistinguishable from the background; the growth rates
of these cultures were set to zero in Fig. 4.2
4.4.7 Construction of Fragments for Exact Integration
To test the efficiency of the exact integration of large constructs without any extraneous
sequence or antibiotic markers [2], pTKDP-neo was first digested with I-SceI and the prod-
ucts dephosphorylated with Antarctic phosphatase. The plasmid backbone, containing the
origin of replication, bla ampicillin resistance gene, and the sacB counterselection marker,
was gel purified from this reaction by gel purification (QIAquick).
The entire lac operon, including the promoter of lacI and terminators of lacA, was amplified
from wildtype MG1655 by colony PCR using primers containing I-SceI restriction sites
and 50 bp of homology to the targeted genomic location [either the atpI, nth, or ygcE locus
[1, 2, 76]]. The PCR reactions were purified, digested with I-SceI, and gel purified. These
fragments were then ligated together with the purified pTKDP backbone to form plasmids
pTKDP-atpI-lacIZYA, pTKDP-nth-lacIZYA, and pTKDP-ygcE-lacIZYA.
4.4.8 Exact, Antibiotic-free Integration
Electrocompetent MG1655 ∆lac ∆galK carrying the helper plasmid pTKRED in which λ-
Red enzyme expression was induced, while making the cells competent were prepared and
transformed with∼100 ng of purified galK landing pad targeted towards either the atpI, nth,
or ygcE locus. Successful integrants were obtained by selection on M63 minimal medium
plates with 0.2% w/v galactose as the sole carbon source [132] and verified by colony PCR.
The resulting strains were transformed with the appropriate pTKDP-xxx-lacIZYA plasmid
and spread on LB + 100 µg/ml ampicillin plates, where xxx can be any of the three genomic
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loci tested (atpI, nth, or ygcE). Several colonies were picked and used to inoculate a 20 mm
glass tube containing 5 ml of RDM + 0.5% v/v glycerol medium with 100 µg/ml spectino-
mycin, 2 mM IPTG to induce expression of λ-Red enzymes, and 0.4% w/v L-arabinose to
induce expression of I-SceI. These tubes were allowed to grow in a shaking 30°C water bath
until saturation. At this point, a small sample was taken, diluted 105 fold, and plated on LB
plates with 2 mM IPTG and 20 µg/ml X-gal and allowed to grow overnight at 37°C. The
number of correct integrants was quantified as the number of blue versus white colonies
(without selection).
At the same time, 100 µl of the each saturated tube was used to inoculate another glass tube
containing 5 ml of RDM + 0.5% glycerol with 0.2% w/v DOG for galK counterselection
and 5% w/v sucrose for sacB counterselection. These tubes were allowed to grow at 37°C
until saturated, usually taking 1–2 days. After saturation, a small sample was taken, diluted
105 fold, and plated on LB plates with 2 mM IPTG and 20 µg/ml X-gal and allowed to grow
overnight at 37°C. The number of correct integrants was quantified as the number of blue
versus white colonies (with selection). Several colonies for each integration location were
picked and verified by colony PCR (Fig. 4.3)
We also performed this same procedure using the tetA landing pad and counterselection





















4.4.9 In situ Gene Fusion
To demonstrate in situ translational fusion of native chromosomal genes of interest to genes
encoding a fluorescent reporter, we fused mCherry to rpoD (the housekeeping sigma factor
σ70) and ECFP to hupA (the α subunit of the heterodimeric nucleoid associated protein
HU). The strategy and results are outlined in Fig. 4.4.
We first amplified by PCR the tetA landing pad from the template plasmid pTKLP-tetA.
Landing pad amplification was primed from the standardized LP1 and LP2 priming sites.
The primers were additionally designed to produce landing pad fragment flanked by the last
50 bp of the coding sequence of the targeted gene and the adjacent 50 bp of chromosomal
sequence immediately downstream of the stop codon of each gene. The landing pad was then
integrated and verified as described above (see Chapter 4.4.5 Amplification, Preparation,
and Integration of Landing Pad). This procedure therefore generated strains in which the
tetA landing pad was successfully integrated exactly between the TAA stop codon of the
targeted gene and the base pair immediately adjacent to TAA.
We next amplified the coding sequences of the fluorescent reporters mCherry from plasmid
pRSET-B mCherry [64] and the cyan fluorescent reporter ECFP from plasmid pLAU53
[177]. The primers used were designed to amplify a linear fragment including the coding
sequence of the fluorescent reporter flanked at the C terminal end by a TAA stop codon and
the 50 bp of sequence immediately downstream of TAA for the targeted gene. At the N
terminal end, the primer includes homology to the last 50 bp of the targeted gene excluding
the TAA stop codon, and an additional 15 bp encoding five glycine residues as a flexible
linker between the targeted gene and the fluorescent reporter gene. To complete the fusion,
this PCR product was transformed into tetA landing pad integrants carrying pTKRED as de-
scribed above (see Chapter 4.4.8 Exact, Antibiotic-free Integration). After electroporation
and recovery for four hours at 30°C, the entire culture was then added to 10 ml of RDM +
0.5% v/v glycerol with 6 mM NiCl2 and incubated at 37°C in a shaking water bath until sat-
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uration (usually ∼48 hours). Finally, a sample of the saturated culture was diluted 105 fold
and plated on LB agar. Successful integrants were verified by colony PCR and sequencing.
4.4.10 Scarless Deletion by Intrachromosomal Recombination
The procedure for scarless deletion by intrachromosomal homologous recombination is
based upon simplifications of the method of Yu et al [158]. The primers used to amplify the
tetA landing pad for scarless intrachromosomal recombination were designed as shown in
Fig 4.5A. Region A (50bp) and region C (75bp) consist of homology to two genes upstream
and downstream of the target gene. In this case, region C is 75 bp of sequence immediately
downstream of the 3’ end of target gene, the rRNA operon rrnB. Region B (50 bp) is the
3’ end of the targeted gene. The deletion landing pad was amplified by PCR using these
primers and template pTKLP-tetA. This deletion landing pad includes homology regions A,
B, C, the antibiotic marker tetA, and recognition sites for I-SceI (Fig 4.5A).
The deletion landing pad was then integrated into chromosome of the wildtype strain MG1655
as described previously (see Chapter 4.4.5 Amplification, Preparation, and Integration of
Landing Pad) in order to replace the target gene rrnB facilitated by λ-Red enzymes ex-
pressed from pTKRED. Colonies with deletion landing pad were selected for on LB plates
containing 100 µg/ml spectinomycin and 10 µg/ml tetracycline. Colony PCR and sequenc-
ing was used to verify the presence of the deletion landing pad in the place of rrnB.
The scarless deletion of the landing pad was performed by growing the resulting landing
pad strain with pTKRED in a 20 mm glass test tube containing 5 ml RDM + 0.5% v/v
glycerol media with 100 µg/ml spectinomycin, 2 mM IPTG, and 0.4% w/v L-arabinose in
a 30°C shaking water bath until saturation. 20µl of this saturated culture was then used to
inoculate another 20 mm glass test tube containing 5 ml RDM + 0.5% v/v glycerol with 6
mM NiCl2 and incubated at 37°C in a shaking water bath until saturation. Finally, a sample
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of the saturated culture was diluted 105 fold and screened on LB plates with and without 10
µg/ml tetracycline to verify the absence of the landing pad. Final verification of the deletion
was performed by colony PCR and sequencing.
4.4.11 Scarless Deletion with Oligonucleotides
Scarless deletion can also be accomplished using two sets of small oligos rather than the
single set of large primers used for scarless deletion by intrachromosomal recombination.
Here, the landing pad was amplified using primers for the standardized LP1 and LP2 priming
sites and including 30 bp of homology to chromosomal sequence adjacent to the desired
deletion. This landing pad was then integrated into the chromosome as previously described
(see Chapter 4.4.5 Amplification, Preparation, and Integration of Landing Pad), and the
integration was verified by colony PCR and sequencing.
Scarless deletion of the landing pad was then performed by transformation of the cells with
small oligonucleotides consisting solely of the two 30 bp homology sequences included in
the landing pad primers (Fig 4.6A). The landing pad strains with pTKRED were made com-
petent and transformed with equimolar amounts of oligos as described above (see Chapter
4.4.2 Preparing Competent Cells and Transformation for Recombineering). After electro-
poration, 1 ml of SOB with 2 mM IPTG and 0.4% w/v L-arabinose was added, and the
culture was allowed to recover for four hours. The entire culture was then added to 10 ml
of RDM + 0.5% v/v glycerol with 6 mM NiCl2 and incubated at 37°C in a shaking water
bath until saturation (usually ∼48 hours). Finally, a sample of the saturated culture was
diluted 105 fold and plated on LB agar. Successful integrants were verified by screening for
appropriate antibiotic resistances, followed by colony PCR and sequencing.
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